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ABSTRACT

The Navy Remote Ocean Sensing System ( N-ROSS ) satellite is being developed

to supply accurate data on ocean parameters for fleet operations. A Low Frequency

Microwave Radiometer ( LFMR), a large flexible reflector attached to an angled

flexible boom, is a sea surface temperature sensor on this satellite which rotates at 15

RPM. The dynamic interaction between the reflector and the boom, and the effects of

the reflector orientation and flexibility on the pointing error of the LFMR during a

spin-up procedure are investigated by performing dynamic simulations. Dynamical

equations of this flexible multibody system are formulated using Kane's method.

Efficient computer simulations were achieved by developing a FORTRAN program

and using Dynamic Simulation Language ( DSL).
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I. INTRODUCTION

A. BACKGROUND

The Navy has great interest in obtaining accurate, real-time data on various ocean

parameters. Presently, research is being conducted on the merits of using a satellite system

to collect this data. The Navy Remote Ocean Sensing System (N-ROSS) satellite has been

developed to achieve this goal [Ref. 1]. This satellite scans the earth's surface and will

provide the Navy with such parameters as wind speed, wind direction, ocean temperature,

ice edge detection, wave height, and ocean photography [Ref. 2].

One of the sensor systems to accomplish this goal is the Low Frequency Microwave

Radiometer (LFMR). The LFMR consists of a large reflector dish connected to an angled

boom. The LFMR scans the ocean surfaces and records the temperature. Increased scan-

ning area is accomplished by spinning the reflector at 15 RPM. A rigid electronics box is

attached at the base of the LFMR boom. Therefore, the rotating LFMR system consists of

the flexible boom and reflector and the rigid electronics box. Considering the nature of the

system, accurate analysis and suppression of the vibration and deflection of the LFMR is

essential for the satisfaction of the pointing error requirement of the system and for the

accomplishment of the mission of the N-ROSS satellite[Ref. 2].

B. PROBLEM STATEMENT

A three-dimensional dynamic analysis has been performed using a model that consists

of a flexible angled boom with a point mass at the tip [Ref. 3]. Lagrangian equations of

motion were employed to achieve a good dynamic simulation.
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In this study, the LFMR is analyzed as a multibody system. A multibody approach

will provide a means to analyze the dynamic interaction between substructures of a compli-

cated structure with greater ease. In dynamic analysis of a multibody system, maintaining

computational efficiency is a key factor and "The emphasis of researchers working with

multibody systems has been the expanded generality of mathematical models and the for-

mulation of equations of motion that are amenable to computer solution." [Ref. 4]

Therefore, it is the intent of this thesis to apply an efficient multibody dynamic analy-

sis to ,he LFMR system. The LFMR is broken down into two bodies; the first body is the

flexible boom and the second body is the flexible reflector. Kane's method is used to for-

mulate these equations of motion, "since it combines the computational advantages of both

Newton's laws and the Lagrangian formulation." [Ref. 4]

C. THESIS OUTLINE

In Chapter II, the analytic model of the LFMR used for this thesis is described. The

dynamical equations are formulated using Kane's method. This method is briefly

explained prior to the formulation.

Chapter III contains an explanation of the three computer programs used to solve the

equations of motion. NASA Structural Analysis (NASTRAN) calculates the mode shapes

and natural frequencies for both bodies. A FORTRAN program reads the data output from

NASTRAN and calculates the time constants. The time constants are applied in a Dynamic

Simulation Language (DSL) program to solve the simultaneous differential equations.

In Chapter IV, the simulation results are presented to investigate deflections and rota-

tions at various points on the LFMR. Three parameters are varied: (1) the flexibility of the

reflector; (2) the in-plane orientation of the reflector, and (3) the out-of-plane orientation of

the reflector. The effects of these changes are compared.

11



Chapter V presents conclusions and recommendations for application and extension

of this work.
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IL FORMULATION OF EOUATIONS OF MOTION

A. MODEL DESCRIPTION

The configuration of the LFMR is shown in Figure 2.1. The LFMR consists of a

boom mounted on a rigid electronics box. A complex reflector is attached at the tip of the

boom. The boom hinge is to be rigid after the deployment of the LFMR, allowing no rela-

tive motion between the upper and lower booms. The LFMR system rotates at 15 RPM

about a spin axis fixed in a local reference frame of the N-ROSS satellite. The spin axis

always points at the earth's center while the satellite is in its orbit. Therefore, the gravita-

tional force and the centrifugal force are assumed in equilibrium. This observation allows

the spacecraft's local reference frame to be considered the inertial (Newtonian) reference

frame and the LFMR to be in a zero-gravity environment.

The model of the LFMR used in this thesis is shown in Figure 2.2. The angled boom

was analyzed as one body and the reflector as the second body. Body A represents the

electronics box, body B is the angled boom, and body C is the reflector dish.

The a 1,a2 ,a3 coordinate system rotates in the inertial reference frame, with a3

coinciding with the spin axis. The C1 ,C2 ,C3 coordinate system is the local reference frame

of the reflector and its origin is at the connection point between the deflected boom and

reflector (point h).

B. EQUATION FORMULATION

1. Kane's Dynamical Equations

The equations of motion for the LFMR were formulated using Kane's method

[Ref. 5]. This method is a Lagrange form of D'Alambert's principle, which is equivalent

to Newton's law cast into a different form. Newton's law for a differential element is

13
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(Eqn. 2.1) df - aKdm = 0

where

df - differential force

aK - acceleration of differential element on body K

dm - differential mass

Kane's method introduces the generalized active and inertia forces. The

dynamical equations are

(Eqn. 2.2) F + F= 0 r = 1 ,..., total degree of freedom

Fr represents the generalized active forces and Fr is the generalized inertia

forces. Fr is the sum of the dot product between the partial velocity and the differential

force as shown in equation 2.3.

(Eqn. 2.3) Fr = f 4-" df

F r is the sum of the dot product between the partial velocity and the differential

inertia force as shown in equation 2.4.

(Eqn. 2.4) f Yr (-aK) dm

The partial velocity Yr comes from the definition of velocity where

V
(Eqn. 2.5) V , -qr r= ... , total degrees of freedom

r=1

qr is the time derivative of the generalized coordinates.

For this model, there are three types of dynamical equations. Equation 2.6 is

derived from the large rotational motion of the system. Equation 2.7 is derived from the

small boom motion. The number of equations of this type depends on the number of

modes (V 1) used to characterize the boom motion. Equation 2.8 is derived from the small

14



reflector motion. The number of equations of this type depends on the number of modes

(V2) used to characterize the reflector motion.

(Eqn. 2.6) F1 + F* = 0

(Eqn. 2.7) Fj+J + F,~j = 0 j=l,...,Vl

(Eqn. 2.8) FJ+v 1 k + FI V, k = 0 k=l,....v 2

2. Generalized Coordinates and Generalized SRCd

The first generalized speed U 1 is defined as follows:
NA

(Eqn. 2.9) U1  . a3
NA

where U is the angular velocity of body A in the inertial reference frame. Subsequent

generalized speeds are defined from the generalized coordinates q1, l- which are model

coordinates of bodies B and C, respectively, as follows:

(Eqn. 2.10) Ul i 
= qi (i = 1, ... , v1)

U,+vj+j = ( 1, ... , v2)

where V I and V2 represent the number of modes used to describe the displacement of body

B and C, respectively. Thus, there are I + V I + V2 generalized speeds.

3. Anpular Velocities

The angular velocity of body C with respect to body A is the time derivative of

the small rotation of the hinge point H. Point H is the connection between body B and

body C. This angular velocity can be represented using matrices as follows:

AC [c]T( ] 3 -T 2'/ + 0 -43 , |203 o 2,
(Eqn. 2.11) WL -+3  1 F 3 0 - 41 30 4 1- 2-CJL, ) L-'P2 d L+2 ; 1

'2'P142 1 0 -4 'P3  0 -
V1 ii

where I= I (H) U,+k and T k is the small angle displacement for the ith

k=1

degree of freedom and the kth mode at point H. Therefore, the angular velocity is

15



A C
(Eqn. 2.12) A -= I * 2 . + 3 Q3

4. Velociy and Accelerations

a. Velocity and Acceleration of Body A

From the generalized speed definition, the angular velocity of Body A is

NA
(Eqn. 2.13) -. = U I A3

The angular acceleration is merely the time derivative of the angular

velocity, because the a3 axis is fixed in the inertial reference frame.

NA
(Eqn. 2.14) 1= U 3

The velocity of A is defined relative to point Q, the origin of the a I,a2 ,a 3

coordinate system. Point Q is fixed in the inertial reference frame. Since body A is a rigid

body, the velocity is merely the rotational velocity of the mass center A*.

NA* N A
(Eqn. 2.15) V =(. x: u

where b is the distance from point Q to the mass center A*.

Similarly, the acceleration of body A is the rotational acceleration com-

prised of tangential and normal components.

NA,% N A N A N A
(Eqn. 2.16) = J x ( x -ba1) + z x (-ba 1)

2 -

= bu21 a, - bu, A2

The a I,a 2 ,a 3 coordinate system was chosen so that the mass center of

body A moves in plane motion, simplifying the equations.

b. Velocity and Acceleration of Body B

The position of an arbitrary point P on body B is described in the

a Ia2, a 3 coordinate system.

16



V I

(Eqn. 2.17) =PI Al + 'P2 1.2 + P3 A3 + qi -ali=1

V+ VI
+qi A2 + qiA
i=1 i=1

BP
The position vector E is the sum of the undeformed position vector and

the summations of the translational mode shape deformations. P 1, P2 , and P3 describe

the undeformed position.

The position of point P changes with time, therefore the velocity of point

P is the time derivative of the position added to the rotational velocity.

NP B.P NA B P
(Eqn. 2.18) V = + S x fa

Ix VI V z
Ui= Al~ +j. ~I t A2 + UI+ jA3

U UI P1+ ,,<ti jA2- Ul I * L qi -a,
i=1 j=1

The acceleration of point P is derived from differentiating the velocity

with respect to time.

(Eqn. 2.19) P N xPN x + 2 NA BP BP

(Eqn.~V 2.9 VI x~~(x ) 2 x

-j { P2f + U1 PI~+ 1:+i]

17



= l i=l

n. PIOA UI 2+ 7,+iq+ i.;
+ 2u, Ui +1

=1

c. Velocity and Accelerationof Body C

The position vector of an arbitrary point X on body C is described in the

local coordinate system C, analogous to the representation of a point on body B.

C x X 2 -
(Eqn. 2.20) J3 = X1+ L j j -Q, + X2 + +j4 Q

+ X3+4~q Q3

The velocity of point x in the inertial reference frame is the sum of the

velocity at the hinge point H in the inertial reference frame and the rotational velocity with

the time derivative of the position calculated in the local coordinate system C.

18



N X NH NCC
(Eqn. 2.21) x +

where

NH

Y{ x(H)u. 1-U,[H 2 + 7,+'Hqi] Al +

=1L

T7hus the velocity of Point X is

X V (H [H2+ VI +(H)qi A]

(Eqn. 2.22) NX Y, +xHuj

j=19



#3 X2 .Z 9 1  +

j=1 j=

- ---{ ,4hu,+v,.j+, X2+ = 1 }- -  +
j=1 j=1

{U x 1+ q1  } , + {U Xz+ 2 j

: 1 X: 2

Ul X3 + j=1 , } 3 .

A third nonorthogonal coordinate system (d) is defined for computing the velocity

and acceleration of body C more easily.

a3 x i=

20



The following tables depict the relationship between the three coordinate systems.

1 0

.z Y' I 2 0

d*0 0-/

0 1

-1 0 - 2

1Yi Y 2 0

dI 1 0 'P2 (not orthogonal)

.12 0 1 -4,1

Y 2 -411 0

1 Y 3 -P

Q3 1

The acceleration of point X with respect to the inertial reference frame is

expressed as the hinge point H acceleration and the acceleration relative to the hinge point

21



NX NH N x NC NC CXNC CX CX

(Eqn. 2.23) d A + , .xB

where
(AC

NC NA Ad( W NA AC
I& I dt to u

61 a3 + 4'1 Q + 4+ 2 Q * 3 Q + U 1 ~

and

NH ~VI 2 V

2 u1 H+ X~H~}iHi+ 7,+(H)qi]

V1 VI vi

j=1 l

1 1

22



The acceleration equation for body C was too unwieldy for higher terms

to be considered. Therefore, only first-order terms were used to produce

NX N H 2 2 2 12
(Eqn. 2.24) = X +x 3'iu+ w Ja3

2 V2

2 X3 - 3 x 2+u,,x 3 -u, X,+ _.- +

I~~ ~ ~ Cu:l)~ Qqj 413 3IU X-$U1 X

j= J

V2  2 V2

j= 1 j l

- W3-UiX2  Q +, XX-+2.j I X3  -
j= 1

V 2  V2

+'u3U1 IX 3+  jU 1 lvl+j (Q1+ -U l+j )

j= 1

23



V2

[ 1 X2' _ rj - u1 ' x3  u1 4'3 x1)

j~l
V2 _Z V2 Z

+)jdl-v, j  (12 + 6 1 X3+ £ i7j-. +
j~l j=1

U I IX - U 1 'P2 X I 2U1 1 # I+vl+j)) 113
j=1

5. enzar1 l cie

The generalized partial velocities and angular velocities are assembled in Table

2.1 and Table 2.2. These values and the acceleration equations are the basis of the formu-

lation for the generalized inertia forces.

TABLE 2.1

PARTIAL VELOCITIES OF BODY A AND BODY B

A A* Br {Qr Vr Vra3 2 + 12
I + j 0. 0. + a +

24



TABLE 2.2

PARTIAL VELOCITIES OF BODY C

C C
r r -yr r

V1 V1

33 V2  a2

V2 -' x+X~ ~~Xkk £

k=1 k1l

j+ jq 11

12

4' j(H)g:,+ 4j (H) a I + (H) a2 + Z (H)Za3 +

2 2 V 2 V2
j I ... I /j (H)..,2 + / X3+ I_-z 3kkX+I NS

k=l k=l

V2 V2

d/j(HX2 I / k1+ I. a3I z

I.k=l k=l

I+v+k0.+ -kf + + 'k C2+ k C3

" = k= ],...,.v2,

25



6. Generalized Inertia Forces

a. Generalized Inertia Force of Body A

The generalized inertia force for body A is comprised of two parts. the

first is due to the moment of inertia of body A's mass center about the a3 axis. The second

is due to the inertial force of body A's mass center.

A F , A NA ,  A- NA-
(Eqn. 2.25) AFI- r  Z)- MAvr

where J 3 is the moment of inertia of A * and m A is the mass of body A.
A Am

Using the values of L. r and V r from Table 2.1, the generalized inertia

force of body A is

(Eqn. 2.26) AF 1 = J3 6j - MA b2 jL

There is only one equation since body A is rigid and displays only rota-

tional motion.

b. Generalized Inertia Forces of Body B

Body B is a continuous elastic beam with a mass per unit length of p.

Thus, the generalized inertia equations are an integration along the length of the beamB NP(Eqn. 2.27) BFr = (VrB .P) pdx

0

The result is an equation for the large motion and one equation for each

deformable degree of freedom of body B.

The large motion equation incorporates only first-order terms, while the

small motion equation neglects third-order or higher terms.

26



2 VI VI(Eqn. 2.28) BF 6J P +P2+2P, 1 qj+2Pz 

0 1 ~ 2-

Z1 jPI'-P2+i + 2u, U,i PI i+ P dX

BF, V1x =1V1=

JFIj Pi LIP +  i qi - P2 +  i qi

+ :1- +1=1+jli+jz 1' ~+2i q
-1 ii -+ j i

c. Generalized Inertia Forces of Body C

Body C was modelled with lumped masses at 63 grid points. Therefore,

the generalized inertia equations consist of a summation of the acceleration dotted with the

generalized partial velocity times the mass

(Eqn. 2.29) CFr Y ' - mx
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There are 1 + V 1 
+ V2 equations of motion for body C. Again, the

large motion equation has only first-order terms and the subsequent small motion equations

neglect third-order and higher terms.

(Eqn. 2.30)

CF , H= H +xI+x +2(H++x,) #?(H)qj + _

2 (H2 + X2) +Y(H)q + IR + 2x 1 HI + 2X 2 H2 -

j=1

24' 1x3 (H2 + x2 ) + 24'2 X3 (HI + xj) + 2P3 (H2xl - HIx2) +

V1 jI,. -+x(H)(H2+x2)++9(H)(H1 + x , ) - Ipi x 3 ( H 1+ x l ) -

41(HX)41 3i[x(Hl)+X 2 (X2+H)]}I +

V2  V

X 1.1v1.J { (H 2 +X2 )4(HI+xl)}-2, 1F =

[#i(H)(H,+x,)++ (H)(H 2 +x2 ) + X3 PiI (H X2+ X)-

X i2 (HI + xl) +413 (HI X2 - XI H +
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V2  M C

I+[-j (H I+xj)-4' (H2 +X9]} m
j=1

L2 V2  V2
+ U (H 4'x-'X 2 H+ 1  (H)~1

i~I k1 l

()4X-'2H -'+ 2+X (H (Hq q + X k q

2VI + V2

"+l (ix1-Pj~X3~ -43H2+4'2 X3+H2+X2+ I i (H) q i+ Itq
k1l

3 V22 V23 V2

+ I kkT VI 4'kk (H2 + X2) + Ti I kqk

k=1 k=i k=1
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(H1  I } XIi, {'(H) (H)+tP X3 -Wix 2 )

+ t' (H) (1(H)-'IX3+4'jx, )+ (H) ('H+'x-jx

-4 i -( (H+3iX24i)+( 4JJ ;4X3)

V2  2 3

+ I 1 lk 19kyt i(H)+ i X3Wix2)

' (H)+1x3)1 z (H) + '; 3)kX2 - 41

Li 
k ~1

(H) H2+X2 + J+9(H)q1 + kk+XkPX[ j=1 k~~~-'x+4 3l

+X3i X2 ] Hl~ 1 +x 7(H)q1+ k=1 1++3+
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+ [ X2-+)xi][4Wz(Hl+xi>A'PI(H2+X2)I + Xtkk

3V2  3 V2V? [ 2+

x H) + 2X3-43 X2~ + + (H) (5 3X 3 )+ (+2 X3 _+3 Xz

((H) - 'X3  X I)+ (4X3 4i ()+JX 3+4 iX2 )+
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(Eqn. 2.31)

+ Yui3 H2.tPzx3+Hl+xl+ 1:+x(H)qi+ j

- ,FPi(x*Hl+42(X2+H2)]} + yji +i {4{41  X2V2 3-+ 3x+ +'(H)]

+ YH)-tp ix +i x F~H+i i11

*~~~~~~~~~~P -'H.~x+1  [ 2  4(~,-43H

V2X- -- y -Zz V2  V

-Ck+~k+~ I-u1

V 2 
3 2



7. Generalized Active Forces

The generalized active forces are derived from the forces exerted on the differ-

ential elements. Only the internal elastic forces and the external forces were considered in

this formulation. Rotation of the individual beam elements was neglected.

The equation for the generalized internal forces is of the form

(Eqn. 2.32) Fr = P 41dr + •rCdfC

0 x=O

where d f consists of internal axial and shear forces.

The shear force portion of d f for the beam is

(Eqn. 2.33) dfsnear = 2 E IaXKdx a2

Vl

where y
j= 1

The axial force portion of d f for the beam is

a2u
dfaxiai AE x dx al

V1
where U X+jqj

j= 1

When these differential forces are dotted with the generalized partial velocity

and then integrated by parts, the remaining terms are simply the forces due to strain energy.

The generalized internal forces are reduced to
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(Eqn. 2.34) FII = BZ MB

The external force on the boom was the torque applied about a 3 axis at point Q,

the fixed end of the boom. This torque was dotted with the generalied partial angular

velocity to produce
E

(Eqn. 2.35) F E = TA

For the reflector dish, it was assumed that the strain energy would account for

the internal forces and no external forces were applied to the reflector.

Thus, the generalized active forces for the reflector are

(Eqn. 2.36) Fl. I -C 2 M C
F1Vjk -- jk q

8. Final gjF.uani

The equations of Sections B.6 and B.7 were gathered to obtain the following

equations:

(Eqn. 2.37) AF7 + BF' + CFO + FI = 0

(Eqn. 2.38) BF1.j + BFI j + CF j  0 j 
,N

(Eqn. 2.39) CFI.vl.k + BFI~vl.k = 0 k =1....v2

The orthogonality condition for the boom is:

(Eqn. 2.40) P + j 4 i j pdx +
0

L2

34H (H)+](H )++Z(H )+ ](H )
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BM j i: j

:0 i~j

and for the reflectr.

(Eqn. 2.41) ,X "rj j x

=0 i~j

These conditions were incorporated into the final equations to reduce the

number of terms in the final equations.
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III. COMPUTER IMPLEMENTATION

A. INTRODUCTION

Computer implementation to solve these equations of motion involved three stages.

Modal analysis was conducted using the NASA Structural Analysis (NASTRAN).

NASTRAN is a general-purpose digital computer program for the analysis of various

structures [Ref. 7]. NASTRAN provided values for the natural frequencies, mode shapes,

and generalized modal masses for the two flexible bodies.

The data was transferred and read into an IBM/VS FORTRAN program. Constants

were calculated in this program, which then were inserted into the initial stage of a Dynamic

Simulation Language (DSL) program. DSL is a digital simulation for continuous systems

[Ref. 8]. DSL was used to solve the simultaneous differential equations.

B. MODAL ANALYSIS

A multibody dynamic analysis requires special consideration of the boundary condi-

tions. For the boom, one end was fixed and the other end was free with a tip mass

attached. The tip mass was equal to the total mass of the reflector. The mode shapes,

natural frequencies, and generalized masses were calculated using 17 grid points (Figure

A.6). Figures A.7, A.8, A.9, and A. 10 depict the first four modes of the boom.

The reflector was represented by 63 grid points (Figure A. 1). Various links between

grid points were constrained from rotating and the hinge point (Grid 63) was fixed.

Figures A.2, A.3, A.4, and A.5 depict the first four modes of the reflection.

Ten modes were generated by NASTRAN for each body. A preliminary analysis

between two, three, four, and five modes for each body was conducted. Four modes was
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chosen for the final analysis because minimal changes occurred between the four- and five-

mode cases.

Modified Given's method (MGIV) was used to conduct the modal analysis of the

boom and the reflector. The generalized mass was normalized to equal one simplifying the

equations.

The natural frequencies for the boom and two cases of the reflector are tabulated in

Table 3.1. In the results section, the effects of reflector flexibility are discussed. The

NASTRAN programs are shown in Appendix E.

TABLE 3.1

REAL EIGENVALUES

Boom Reflector I Reflector 2
Natural Natural Natural

Mode Frequency Frequency Frequency
(cycles) (cycles) (cycles)

1 .71674 2.0937 1.1635

2 .78059 12.469 6.9084
4

3 2.624 15.929 14.32

4 4.723 15.929 14.342

C. EVALUATION OF TIME CONSTANTS

Two files were transferred to the IBM/VS computer. Both files contained ten modes

of data for one of the bodies. All ten modes are read into a FORTRAN program, but the

number of modes used to calculate constants was varied by a parameter statement in the

beginning of the program. This strategy provided easier formatting to read in the data,
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while still generalizing the program and making the computations more efficient. The pro-

gram is shown in Appendix E.

The equations of motion were systematically evaluated to identify terms that depended

on position alone and were repeated several times. These terms were isolated from the

time-dependent terms. Subroutines were written to calculate these positio., terms and were

called immediately after reading in the mode shape data. The main program consisted of

multiplications and additions between system constants and the subroutine outputs, since

the subroutines carried out the required position integrations or summations.

The reason for having separate programs is that all the position calculations can be

completed beforehand. Thus, the DSL program need only be concerned with time step

calculations. The number of constants and their dimensions depended on the DSL imple-

mentation and will be discussed in that section.

D. DSL IMPLEMENTATION

With the separate FORTRAN program to evaluate the time constants, the DSL pro-

gram is relatively simple. The equations of motion are put in the form

[A] d = 1.

where [A] is a matrix of the coefficients of the acceleration terms (the left-hand side of the

equations of motion), while B is a vector of all other terms (the right-hand side of the

equations of motion).

These coefficients were supplied by the FORTRAN program. The A matrix and B

vector were assembled in the derivative section of the DSL program. Two subroutines

from LINPACK were called to decompose the A matrix and solve the matrix equation.

DGEFA uses gaussian elimination to decompose A and DGESL solves the matrix

equation.
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DSL provided many alternatives to solve a time-stepping problem for simultaneous

differential equations. A Runge-Kutta fifth-order method with variable step size was

selected because it was self-starting, stable, and accurate. Although other methods may

have been more efficient computationally, accuracy was a primary selection criterion. The

program is shown in Appendix E.

The results were printed out in a file and plotted using the TEK618. Plotting was

accomplished via the GRAFAEL command, which is a particularly powerful accessory of

the DSL program.
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IV. RESULL.TS

Three parameters of the LFMR system were varied in the computer simulation to

investigate the effects of these parameters on pointing error of the LFMR system during a

spin-up procedure. Deflections and slope changes at the boom tip (grid point 63) and grid

points 1 and 4 of the reflector were compared for this purpose. The locations of these grid

points are shown in Figure 4.1. The first analysis compared the effects of changing the

reflector flexibility, while the boom properties remained the same. The second analysis

compared vibrational amplitudes of three cases with different in-plane orientation of the

reflector. These orientations were accomplished by lining up the a 1, a2, a3 coordinate

system with the C1 ,C2 ,C3 coordinate system and rotating the C 1 and C3 axes about the a2

axis to the desired angle. The third analysis compared the case of a particular in-plane

orientation (-155" case) with the case of the same in-plane orientation plus slight out-of-

plane tilt (+5"). The out-of-plane orientation was achieved by rotating the reflector about

the a3 axis.

The same spin-up procedure was used in all computer simulation runs and the torque

applied to the LFMR system during the spin-up procedure is shown in Figure 4.2.

A. MATERIAL PROPERTIES AND PARAMETERS

The material used to model the boom and reflector is Isotropic Graphite-Epoxy

Composite (T300/5208 (0/90/45/-45)s) [Ref. 9]. The inertia property of the electronics box

was obtained, assuming it to be a uniform two-foot cubic body. The properties of the

boom and reflectors are presented in Table 4.1. Reflector I is the baseline design of the

reflector used throughout the analyses. Reflector 2 is a more flexible model of the reflector
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and was used in the reflector flexibility analysis. The geometric parameters for the boom

and two models of the reflectors are given in Table 4.2.

TABLE 4.1

BOOM AND REFLECTOR PROPERTIES

Propet Boom Reflector I Refeor2

Modulus of elasticity 10.lIE + 6 psi 10.1E + 6 psi 10.1E + 6 psi
(E) _ _ _ _ _ _ _ _ _ _ _ _ _ _

Poisson's Ratio .25 .25 .25
(v)__ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

x-sectional area 1. 1868 in 2  .1425 in2  .1425 in
(A) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Inner diameter
Rod element 2.5 in 1.04859 in .8 177 in

(d1)_ _ __ _ _ _

Outer diameter
rod element 3.0 in 1 in .75 in

0d2)

Thickness of rod element .5 in .048 59 in .0677 in

Mass per unit length 1.522 E-4 1.522 E-4 1.522 E-4 slugs/in3

(p) slugsin3  slugsin3  
___________

Area moment
of inertia 1.2231 in4  .0165 in 4  .00853 in 4

(A) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE 4.2

GEOMETRIC PARAMETERS

Parameter

11: length of lower boom 162 in

12: length of upper boom 126 in

o<: angle between 11 and a3 axis 34.5"

: angle between 11 and 12 98.76"

MA: weight of electronics box 50 lb

MC: weight of reflector 37.5 lb

B. EFFECTS OF THE REFLECTOR FLEXIBILITY

Two cases of reflector flexibility were chosen for comparison. As shown in Table

4.1, Reflector 1 was stiffer than Reflector 2. The difference in the angular velocity is

shown in Figures B.1 and B.2. Greater amplitude oscillations occur after the applied

torque is removed for the more flexible reflector. This effect is due to larger vibrations of

the more flexible reflector (Reflector 2).

The fourth generalized coordinate (Q 4 (t)) of the boom was chosen to represent the

reflector flexibility effects on the boom's generalized coordinates. Figures B.3 and B.4

depict this boom generalized coordinate for the two cases. They show a definite dynamic

interaction between the boom and reflector. The more flexible reflector displayed greater
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fluctuations in the boom generalized coordinate, which translated into greater vibrations at

the boom tip. The vertical deflections of the boom tip are shown in Figures B.7 and B.8.

The third reflector generalized coordinate (Q 3 (t)) was chosen to represent the effects

of reflector flexibility on the reflector's generalized coordinates. Comparison of Figures

B.5 and B.6 shows a negative shift in the graph of the more flexible reflector. The ampli-

tude of the reflector generalized coordinate is unchanged.

The rotational vibrations about the vertical axis are compared in Figures B.9 and

B. 10. The more flexible reflector caused greater amplitude rotational vibration at the boom

tip.

C. EFFECTS OF IN-PLANE ORIENTATION CHANGES

As mentioned previously, cases of different in-plane orientations between the reflec-

tor and the boom were analyzed: Three cases of angle rotations about the a 2 axis were

compared: -135, -145, and -155'. The angular displacement for these three orientations

is shown in Figures C.1-3. The angular displacements oscillated after the applied torque

was set to zero. An increasing amplitude trend in angular displacements was apparent as

the orientation was a less negative angle.

The horizontal deflection at the boom tip represents the effects of reflector orientation

on the boom. Figures C.4-6 show that greater amplitude vibration occurred for the case of

-135 reflector orientation in the horizontal direction.

The rotations at the boom tip about the horizontal axis are shown in Figures C.7-9.

Greater fluctuations occurred for the -135" orientation. The larger amplitude results for the

case of -135" orientation is due to the location of the center of mass of the reflector. The

radius of rotation is larger for the -135" orientation. Thus, the moment of inertia is

increased.
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The reflector orientation also affects the reflector vibration. Figures 3.10-12 show

the horizontal displacement of grid point 1. Higher frequency components appear in the

-155" case, but the greater amplitude vibrations occur in the -135* case.

D. EFFECT OF OUT-OF-PLANE ORIENTATION OF REFLECTOR

The case of- 155" in-plane orientation of the reflector is compared to the case with the

same 155" in-plane rotation plus a 5" tilt out of plane. The first boom generalized coordi-

nate (Q I(t)) was the only boom coordinate affected by the tilt out of plane. The tilt pro-

duced a positive shift in (Q (t)) value as shown in Figures D. I and D.2. The oscillations

were same in amplitude.

The fourth reflector generalized coordinate (Q4(t)) was chosen to represent the

effect of the out-of-plane orientation on the reflector generalized coordinates. Figures D.3

and D.4 show that vibrations with larger amplitude appeared for the out-of-plane

orientation.

The out-of-plane orientation deflections for the boom and reflector were the most

affected by the out-of-plane tilt of the reflector. Figures D.5 and D.6 show the effects at

the boom tip. The first boom generalized coordinate was the predominant component

resulting in a positive shift in the out-of-plane displacement of the boom. Figures D.7 and

D.8 show the effects at grid point 4 with the first boom generalized coordinate producing a

positive shift. The reflector generalized coordinates produced a larger amplitude vibration

for the out-of-plane rotation.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The purpose of this research was to develop a realistic model of the LFMR sensor

system. This goal was successfully met by applying Kane's method to a multibody model.

Efficient computer simulation was achieved. The programs were general enough to use up

to ten modes for each body, but the results indicate that superimposition of four modes for

each body was sufficient.

The flexibility of the reflector did affect the vibration of the boom and was related to

pointing error. The multibody system allowed the effects of reflector flexibility to be

investigated without reanalyzing the entire system.

The program also applied easily to different orientations of the reflector. Modal anal-

ysis did not have to be repeated as in the case of a single-body model.

B. RECOMMENDATIONS

Application of this research could include a study of the effects of a full range of dif-

ferent configurations on the system dynamics. Also, damping effects can easily be incor-

porated in this work to study the dynamic interaction of each subsystem. Extension of this

research could include a study of the effects of a flexible body connected to the spacecraft's

main body on three-dimensional motion and control.
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APPENDIX A

MODAL ANALYSIS OF REFLECTOR AND BOOM

Figures A.1 through A.10 show the undeformed as well as the first four mode shapes of the

reflector and boom. The figures are on pages 84-93.
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APPENDIX B

REPRESENTATIVE EFFECT OF REFLECTOR FLEXIBILITY

Figures B.1 through B.10 show representative effects of two different reflector flexibilities

on the dynamic response of the system. The figures are on pages 96-105.
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APPENDIX C

REPRESENTATIVE EFFECT OF IN-PLANE REFLECTOR ROTATION

Figures C. 1 through C. 12 show representative effects of three different in-plane orientations

of the reflector on the dynamic response of the system. The figures are on pages 106-117.
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APPENDIX D

REPRESENTATIVE EFFECT OF OUT-OF-PLANE REFLECTOR ROTATION

Figures D. 1 through D.8 show representative effects of an out-of-plane orientation of the

reflector on the dynamic response of the system. The figures are on pages 118- 125.
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APPENDIX E

PROGRAMS

id nastran Natalie
sol 3
time 500
cend
title=Nomal Mode Analysis of LFMR Boom
subtitle=Research on N-ROSS DYNAMICS
methodl10
displacement=all
spclOQ0
output (plot)
set 1 = all
origin 5,0.,0.
axes y,z,x
view -30.,20.,0.
ptitle=Undeformed Boom
find scale,origin 5,set 1
plot set 1,label grid
ptitle=,Iode shape
maximum deformation 15
find scale~origin 5,set 1
plot modal,deformation,0,1 THRLJ 10,set 1,pen 4,shape
begin bulk

$EIGR,sid,METHOD,fl,f2,ne,nd,. ,+
$ +,NORM~g,c

eigr.10,MGIV,0.O,l00.0, .10

SCORD2C,cid,rid,al ,a2,a3,bl,b2,b3,+
S *,cl,c2,c3

cord2r,1, ,0., .. ,. ,. 0. .,+2r
+2r.. .. ,1.

SGRID,id,cp,xl ,x2,x3,cd,ps,seid

grid,1,l,,O. .,0.
=,*(l) ,,*(l0.1953) ,,*(14.83427) ,== $
=7
grid,10,1,91.75781,0.,133.5084
=*(1),.*(..13.1085) ,=,*(12.3356) ,== $

grid,18,1,0. ,0. 100.

SCBEA?1,eid,pid,ga,gb,gO/xl ,xZ,x3

cbeam,1,3,1,2,18

P14
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$PBEAM,pid,mid1 ,A,11,12 ,J ,nsm

pbeam,3,1,1.1868,1.2231,1.2231,,2.4462

$I{AT1 ,mid,E,G,Nu,Rho,A,Tref,Ge

$ A =Thermal Expan. Coef.
$ Tref = Ref. Temp.
$ Ge = Damping Coef. (= 2 x C/Co)

matl,1,101.+S,,O.25,,1522.-7

$CONlM2,eid,g,cid,m,xl,x2,x3, ,+
$ +,Il1,I21,I31,132,133

conm2,50,17.l .9.4502-2

spcl, 100, 123456, 1,18

enddata
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id nastrai Natalie
sol 3
time 500
cend
title=Nomal Mode Analysis of LFKR Reflector
subtitle=Research on N-ROSS DYNAMICS
rethodl10
displacementall
spc=l0O
output (plot)
set 1 =all
origin 5,0.,0.
axes z,x,y
view 34.27,-23.17,0.
ptitle=Undeformed Reflector
find scale,origin 5,set 1
plot set 1,label grid
ptitle=Mode Shape
maximum deformation 15
find scale~origin 5,set 1
plct modal,deformation,l THRU 10,set 1,pen 4,shape
begin bulk

$EIGR,sid,METHOD,fl,f2,ne,nd,, ,+
$ +,NORM4,g~c

e4.gr ,10,.!GIV,0.0 .100.0,, 10

SCORD2C~cid~rid,al,a2,a3,bl ,b2,b3,+
$ +,cl,c2,c3

cz.rd2r,.1..0.,0.,0.,0.,O.,l.,+2r
+2r.. .. 1
cord2c .2 1,0., .. 0. 0. 0. 1.,+ab

ab10. .0. ,10.

$GRID,id~cp,xl,x2,x3,cd,ps,seid

$$

-10
grid,13,2,89.26,15.,36.71

-10
grid,25,2,60.86,15.,32.45

grid,37,2,31.5,15...30.13

=10
grid,49,2,63.8,15. .4.72

*(l),in,*(30 ) , $
=10
.grid,61,1,0., .. 31.6'7
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grid,62,1,0., .. 27.65
grid..63,1,0., .. 0
grid,64,O. 0. .50.
grid,65,2,50. ,0.,.

$CBEAM,eid,pid,ga,gb,gO/xl ,xZ,x3

$$

=10
cbeam, 13, 1,13 ,25 ,64

*(I) *(1)*(1) $
=10
cbeam,25 .1,25,37,64

*(l) *(1)*(1) $
=10
cbeam,37,1 .37,62,64

*(1)*(1) $
=10
cbeam,49,2,63 .62,63
cbeam, 50,2,62,61 .65
s
crod,1, 10, 25 ,49

*(1) ,*(1)*(1) $
=10
crod,13,11 .1,49

,*(1) *(1)*(1) $
=10
crod ,25 ,11, 25 ,63

*(1)=(1)=$
=10
crod, 37 ,11, 49 ,63

=0
crod,49 .11,1,2

=.*() ,=*(1),*(1 ,==$

=9
crod,60,11 .12,1
crod, 61, 11, 13, 14

*(1) *(1)*(1) $
=9
crod, 72 ,11,24, 13
crod, 73 ,11, 25 ,26

*(1) *(1)*(1) $
=9
crod, 84 ,11, 36,25
crod, 85 ,11, 37 ,38

*(1) (1) *(1) $
=9
crod,96, 11,48,37
crod,97 .11,25,50

*(1) *1) *(1
=9

*crod,108,11 .36,49
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crod, 109,11.49.26
*(1)(1)*1)~$

=9
crod,120,11 .60,25

$PBEAM,pid,rnidl ,A,11 ,I2,J,nsm

pbeam.] *,C.1452,0.O1647,0.01647,,Q.03295
pbeai',,2,1 3.927,3.1907,3.1907,,6.3814
prc'cLIQ,1,0.03ZS6,1.882-3,1.0

$MAT1 ,rrid,E ,G.Nu,Rho,A,Tref,Ge

$ A = Thermal Expan. Coef.
$ Tref = Ref. Temp.
$ Ge =Damping Coef. (= 2 x C/Co)

matl,1,101.+5, ,0.25..1522.-7

$C0N12,eid,g,cid~m~xl,x2,x3, ,+
$ +,111,121,131,132,133

$$

conm2,13,1,2,0.42-3
,*(a),(l),~$

=10
conm2 13.. 3 25,20.432-3

..*(1*(1)~$
=10
conm2 .25,25.2,0.4122-3

...,*1),*1),~$
=10

conxn2,49,62,1 .0.626-2
corn2,50,63,1,0.649-2

spcl,100,123456,63 thru 65

enddata
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1 *

* THIS PROGRAM IS DESIGN TO READ IN MODAL INFORMATION FROM *
* A NASTRAN DATA FILE AND CALCULATE TIME CONSTANTS FOR A DSL *
* FROGRAM. TWO FILES ARE READ CONTAINING THE DATA FOR THE LFMR *
* BOOM AND REFLECTOR. A PARAMETER STATEMENT IS USED TO DEFINE *
* THE NUMBER OF GRID POINTS AND MODES FOR BOTH BODIES IN THE *
* BEGINNING FOR A MORE GENERAL PROGRAM. *
* THE FOLLOWING PARAMETERS ARE USED IN THIS PROGRAM *
* NFT,NPTC : THE NUMBER OF GRID POINTS FOR BODY B AND C *
* RESPECTIVELY *
* M,MC : THE NUMBER OF MODES FOR BODY B AND C *
* RESPECTIVELY TO BE USED TO CALCULATE CONSTANTS *
* J3 : THE MOMENT OF INERTIA OF BODY A ABOUT THE *
* SPIN AXIS *
* B2MA : THE INERTIA DUE TO THE DISPLACEMENT OF *
* BODY A'S CENTER OF MASS FROM THE SPIN AXIS *
* P1,P2,P3 : THE COORDINATES OF THE GRID POINTS ON *
* BODYB *
* Xl,X2,X3 : THE COORDINATES OF THE GRID POINTS ON *
* BODYC *
* AM'ASS : THE TOTAL MASS OF BODY A *
* CMASS : AN ARRAY OF THE MASS AT EACH GRID POINT OF *
* BODYC *
* BMASS A DUMMY ARRAY TO READ IN MODAL DATA *
* RHO THE IASS PER UNIT LENGTH OF BODY B *
* DX THE INTERVAL DISTANCE BETWEEN GRID POINTS ON *
* BODY B
* FIBX,FIBY,FIBZ : MATRICES OF BODY B'S TRANSLATIONAL MODE *
* SHAPES (ROWS ARE DOFS, COLUMNS ARE MODES)
* FICXFICY,FICZ : MATRICES OF BODY B'S TRANSLATIONAL MODE *
* SHAPES (SAME FORMAT AS FIBX,FIBY,FIBZ ) *
* PSI1,PSI2,PSI3 : ARRAYS OF THE ROTATIONAL MODES OF THE HINGE *
* POINT BETWEEN BODY B AND BODY C *
* OMGAB,OMGAC THE ANGULAR FREQUENCY OF BODIES B AND C *
* PIP2IN INTEGRAL OF PI**2+P2**2*RHO*DX *
iPSFSIN INTEGRAL OF (P*FIBX + P2*FIBY)*RHO*DX
* BINII INTEGRAL OF (P1*FIBY + P2*FIBX)*RHO*DX *
* PHBXY INTEGRAL OF (FIBX(IJ)*FIBY(IK)*RHO*DX *
* PHZS INTEGRAL OF FIBZ(I,J)*FIBZ(I,K)*RHO*DX *
* CMS SUMMATION OF GRID POINT MASSES OF BODY C *
* XISMS SUMMATION OF X1**2 * CMASS *
* X2SMS SUMMATION OF X2**2 * CMASS *
* X3SMS : SUMMATION OF X3**2 * CMASS *
* X1CM : SUMMATION OF Xl * CHASS *
* X2CM : SUMMATION OF X2 * CHASS
* X3CM : SUMI!ATION OF X3 * CMASS *
* X12MS : SUMMATION OF Xl*X2*CMASS

X23MS : SUMMATION OF X2*X3*CMASS *
* X13MS SUMMATION OF Xl*X3*CMASS *
* PBX,PBY,PBZ SUMMATION OF FICX,Y,Z * CMASS *
* PBXS,PBYS,PBZS SUMINATON OF FICX,Y,Z(I,J)*FICX,Y,Z(I,K)*CMASS*
* PBXY SUMMATION OF FICX(I,J)*FICY(I,K)*CMASS *
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* X1PBX,Y,Z SUMMATION OF X1*FICX,Y,Z*CMASS*
* X2PBX,Y,Z SUIIATION OF X2*FICX,Y,Z*CHASS
* X3PBXY,Z SUMMATION OF X3*FICX,Y,Z*CMASS*
* UlDll A(1,1) CONSTANT TERM*
* Ul12 :A(1,l) COEFFICIENTS OF BODY B GENERALIZED *

* COORDINATES
* UID13 A(1,1) COEFFICIENTS OF BODY C GENERALIZED *

* COORD INATES*
* UJD11 A(1,J+1)*
* UID21 A(1+J,.t) COEFFICIENTS OF BODY B GENERALIZED *

* COORDINATES*
* UID22 A(1+J,1) COEFFICIENTS OF BODY C GENERALIZED *

* COORD INATES*
* UKDll A(l,1+!1+K)*
* UlD31 A(1+11+K,1)COEFFICIENTS OF BODY B GEN4ERALIZED*

* COORD E1IATES*
* U1D32 A(1+M+K,1)COEFFICIENTS OF BODY C GENERALIZED*
* UJ"D"2 A(1+I,l+J)*
* UKD21 A(1+J,1+M+K)*
* B12UUJ B(1) COEFFICIENTS OF 2U1 TIMES BODY B'S*

* GENERALIZED SPEEDS*
* B12UUK : (1) COEFFICIENTS OF 2*U1 TIMES BODY C'S *

* GENERALIZED SPEEDS*
* BU221 :B(1+J) U1**2 CONSTANT TERM*
* BU222 :B(1+J) COEFFICIENTS OF Ul**2 TIMES BODY BIS

* GENERALIZED COORDINATES*
* BU223 :B(1+J) COEFFICIENTS OF UI**2 TIMES BODY C'S *

* GENERALIZED COORDINATES*
: ALSO B(1+M+K) COEFFICIENTS OF Ul**2 TIMES *

* BODY B'S GEtEERkLIZED COORDINATES
* B22UUJ :B(1+J) COEFFICIENTS OF 2*Ul TIMES BODY B'S *

* GENERALIZED SPEEDS*
* B22UUK :B(l+j) COEFFICIENTS OF 2*U1 TIMES BODY C'S *

* GENERALIZED SHEEDS*
* B3U211 :B(1+M+K) CONSTANT COEFFICIENTS OF U1**2
* B3U213 :B(1+M+K)COEFFICIENTS OF Ul**2 TIMES BODY C'S*

* GENERALIZED COORDINATES
* B32UUIJ : B(1+M4K)COEFFICIENTS OF 2*U1 TIMES BODY B'S *

* GENERALIZED SPEEDS*
* B32UUK : B(1+M+K)COEFFICIENTS OF 2*U1 TIMES BODY C'S *

* GENERALIZED SPEEDS*

IMPLICIT REAL*8(A-H,O-Z)
INTEGER NPT,NPTC.M,MC.I,J,I(
PARAMETER (NPT=17 ,NPTC=63 M=10,MC=10)
REAL*8 J3
DIINENSION PI(NFT),P2(NPT),P3(NPT),PISQ(NIPT),P2SQ(NPT),RPFMIX(1NPT,M
+) ,P15P2S(NPT) ,RPSSQ(NPT) ,CMASS(NPTC) ,X1(NPTC),
+X2(NPTC-),X3(N4PTC),FIBZ(NPT,M1),PHI2C(N4PTC),
+FIBX(NPT,M-),FIBY(NPT,l1),FICX(NPTCIIC),FICY(NiPTC,MC),FICZ(NPTC
+,.NC),PIFBX(NPT,M),P2l(UiPT),P2FXN(NPT,M),PlFY(NPT,M),PFIMIX(IPT,M)
*,P2FBY(I4PT,I),PP2FA(NPT,M),RPSFA(NPT,M),PSFSIN4(M),PSII1M),PSI2(M)
+,PS13(M) ,FBX(MIC) ,FBY(IIC) ,XIPBX(14C) ,X2PBY(I-IC) ,X2PBX(4C) ,XlPBY(I-C),

* +XlPBZ(MC),X2PBZ(MC),X3PBX(MC),X3PBY(MC),X3PBZ(MC),
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+UID12(M) ,UlDl3(MC) ,UJD11(K) .UKD11.(MC),B12UUJQ1) ,B12UUK(IIC),
+BU221 (1) ,B3U211(*IC) ,U1D21(M-,M) ,U1D22(M,MC) ,UJD21(i,M) ,UKD21(M,14C),
+B1J222(M,M) ,BU223(1,IIC) ,B22UUJ(M,M) ,B22UUK(M,MC) ,B32UUJ(11,MC),
+U1D31(!I1,MC),B3UtJ13(U-C,1HC),B32UUK(KC,MC),
+PHIHI(NPT) ,PHBXY(M4,M) ,PHZS(M-,M) ,PBZ(MlC) ,PBXS(MC,MC),
+PBYS(IC,IiC) ,PBXY(MC,I-IC) ,BIN1I(1I) ,U1D32(IC,IIC) ,PBZS(IIC,MC),
+FREQB (H),OMGAB(I) ,FREQC(MC) ,OMGAC(MC) ,BIIASS(IIPT)
DATA J3,B,AN -ASSDX,RHO/12.O,12.,.1295,18.,1.80631D-4/

*READ IN CONSTANTS
CALL ',ODATB(M. PT,P1,P2,P3,FIBXFIBY,FIBZ,PSI1,PSI2,PSI3,B4ASS,

+FREQB , OZGAB)
CALL I4DATC(IC,NPTC,Xl,X2,X3,FICX,FICY,FICZCMASS,

+FREQC , OGAC)
*CALL ALL CONSTANT SUBROUTINES

CALL BINTIl(NPT,RHO,DX,P1,P2,PlSQ,P2SQPSP2S,RPSSQ.PIP2IN)
CALL BINT1.2 (NPT,H1,P1,P2,FIBX,FIBY,P1FBX,P2FBY,PIP2FA,RPSFA,

+RHO,DX,PSFSINI)
CALL BIflTlI (NIPTM,P1 ,P2,FIBX,FIBY,RHO,DX,P2NP2FXN,PlFY,
+PFIMIX,PPP!IXBIlI)
CALL CALPXiY(NPT,M,FIBX,FIBY,RHO,DX,PHIPN4I,PHBXY)
CALL FIBZSQ(NPT,M,FIBZPHIPXI,DX,RHiO,FHZS)
CALL SUIIASS (NPTC. C'!ASS ,CNS)
CALL XSQC~lS (NPTC,C!IASS,X1 ,Xl,XlSMS)
CALL XSQCllS (NPTC,CllASS,X2,X2 ,X2SMIS)
CALL XSQCMS (NPTC,CNASS,X3,X3,X3SllS)
CALL SUIIC (1NPTC ,X1., CllASSXlC!1)
CALL SUIIC (NPTC ,X2 ,CMIASS ,X2Cll)
CALL SUMC (IPTC,X3,CMASS,X3CM)
CALL Y.SQCIIS (lJPTC,CTIIASS ,X1 ,X2,X12MS)
CALL XSQClfS (I.PTC, CIASS, X2, X3, X2311S)
CALL XSQCIIS (NJPTC,CMASS ,X1 ,X3 ,X1MS)
CALL CALPBM (NPTCIIC,FICX,CliASS,PBX)
CALL CALFBZI (NFTC,I4C,FICY,CMASS,PBY)
CALL CALPBll (NPTC,MC,FICZ,CIIASS ,FBZ)
CALL PSSYMS (IIPTC,IIC,FICX,C!'ASS,FHI2C,FBXS)
CALL FBSYllS (NPTCIIC,FICY,CMASS,PHI2C,FBYS)
CALL PBSYIIS (NPTCMCFICZ,CMASS,PHI2C,PBZS)
CALL CALFBS (NPTC,MIC,FICX,FICY,CIIASS,PHI2C,PBXY)
CALL CALXPB (NPTCHC,X1,FICX,CllASS,XlPBX)
CALL CALXPB (NPTCHC,XI ,FICY,CI!ASS,X1PBY)
CALL CALXPB (N4PTC,MC,X1,FICZ,CIIASS,XIPBZ)
CALL CALXPB (NPTCjMC,X2,FICX,CNASS,X2?BX)
CALL CALXPB (NPlC,IMC,X2,FICYCIMASS,X2PBY)
CALL CALXPB (NPITC,I IC,X2 ,FICZCIASS ,X2FBZ)
CALL CALXPB (NPTCIIC,X3,FICX,CU-ASS,X3PBX)
CALL CALXPB (IIPTC,IIC,X3,FICY,CIIASS,X3PBY)
CALL CALXPB (NPTCIIC,X3,FICZ,CMASS,X3PBZ)
B211A = B*B*AMASS
F1H2CM = (Pl(NIPT)*P1(NPT) + P2(NPT)*P2(NPT))* CMS
UID1l =J3+B2MA+P1P2IN+H1H2CII+XISIIS+X2SMIS+2.*(Pl(NPT)*X1CM+P2(NPT)

+ *X2CM)

DO 10 J =1,M
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FXTER = FIBX(NPT,J)*(P1(NFT)*CMS + X1CM)
FYTER = FIBY(NPT,J)*(P2(NPT)*CkMS + X2CH)
SIER = -PSI1(J)*(P2(NFT)*X3CM + X2311S)
S12TER = PSI2(J)*(Pl(NPT)*X3CM + X13115)
S13TER =PSI3(J)*(P2(NPT)*XlCl - P1(NPT)*X2CMI)
BU221 (J) = PSFSIN(J)+FXTER4FYTER+SI2TER4SI3TER+SIlTER
UlDl2(J) =2. * BU221(J)

10 CONTINUE
DO 11 K = 1,MC
UlD13(K)=2.*(Pl(NPT)*PBX(K) +X1PBX(K) + P2(NPT)*PBY(K) + X2PBY(K))

11 CONTINUE

DO 12 J =1,M
FXTER =FIBX(tiPT,J)*(P2(NPT)*CMS + X2CM)
FYTER =FIBY(NJPT,J)*(Pl(NPT)*CMS + XICM)
SIlTER = PSI1(J)*(Pl(NPT)*X3CM + X13IIS)
S12TER = PS12(J)*(P2(NPT)*X3CII + X23MS)
SI3ER =PSI3(J)*(Pl(NPT)*XCM+XISflS+X2SMS+P2(NPT)*X2C1)
UJD11(J) = BINII(J)-FXTER+FYTER-SIlTER-Sl2TER+SI31ER

12 CONTINUE
*CALCULATES A(1,3) AND PART OF A(3,1)

DO 13 K = IMC
UKD11(K) = -PBX(K)*P2(NPT)-X2PBX(K)+PBY(K)*Pl(NPT) + XlPBY(K)

13 CONTINUE
DO 14 J 1,M1

FXTER FIBX(NPT,J)*(P(kPT)*C.S + X1CM)
FYTER FIBY(NPT,J)*(P2(NPT)*CMS + X2CM)
SIER = PSI1(J)*(P2(NPT)*x3cM + X23MS)
S12TER =PS12(J)*(Pl(NPT)*X3CMi + X13NS)
SI3ER = PS13(J)*(Pl(NPT)*X2CM +P2(NPT)*X1CM)
B12UUJ(J)=-E'SFSIN(J)-FXTER-FYTER-SIITER+SI2TER-Sl3TER

14 CONTIN'UE
DO 15 K =1,MC
B12UUK(K)=-P1 (NPT)*PBX(K)-XlPBX(K)-P2(NPT)*PBY(K)-X2PBY(K)
B3U211(K) = -BI2UUK(K)

15 CONTINUE
*1+J EQUATION

DO 16 I 1,11
DO 17 J=1,M

FXTER=FIBX(NPT,J)*(PSI1(1)*X3CM-PSI3(I)*X1CM-FIBY(NPT,I)*CMIS)
FYTER=FIBY(NPT,J)*(PSI2(I)*X3CHI-PSI3(I)*X2C4+FIBX(N4PT,I)*CHIS)
SIITER=PSI1(J)*( (PS13(I)*P2(NPT) + FIBX(NPT,I))*X3C4 +-

+(PSI1(I)*Pl1NPT) + PS12(I)*?2(NPT))*X2CM + PS12(I)*(X3SMS+X2SMS)
++PSI I(I) *X121.:S)

S12TER=PSI2(J)*( (PSI3(I)*PI(NPT) - FIBY(NPTI))*X3CII +
+(PSI1(I)*P1(NPT) + PS12(I)*P2(NPT))*XICM + PSI1(I)*(X3SIIS+X1SMS)
++PS12(I1)*X1 211S)

SI3TER=PSI3(J)*( (-PS13(1)*Pl(NPT) +FIBY(NPT,I))*X2CM+
+(PS13(1)*P2(tiPT)+FIBX(NPT,I))*XICII-PSII(I)*X2311S+PSI2(I)*Xl3MS)
UID21(J,I)=PHBXY(I,J)-PHBXY(J,I)+FXTER+FYTER-SIlTER+SI2TER+SI3TER

17 CONTINUE
16 CONTINUE
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DO 18 1 =1,11
DO 19 K =1,MC
FXTER=FIBX(NPTJ) *PBY(K)
FYTER=FIBY(NPT ,J)*PBX(K)
SIlTER=-PSIl(J)*(X3PBX(K)+P1 (NPT)*PBZ(K)+XPBZ(Y{))
S12TER=-PSI2(J)*(X3PBY(K)+P2(fPT)*PBZ(K)+X2PBZ(X<))
S13TER=PSI3(J)*(2.*(X2PBY(K)+XIPBX(K))+P2(NPT)*PBY(K)+PI(NPT)*

+ PBX(I<))
UID22(J,I(Q--FXTER + FYTER + SIlTER + S12TER + S13TER

19 CONTINUE
18 CONTINUE

DO 20 1= 1,M
DO 21 J =1,11

FXTER=FIBX(NPT,J)*(PSI2(I)*X3CM - PSI3(I)*X2Cll)
+ +FIBX(NPT,I)*(PS12(J)*X3CM - PS13(J)*X2CM)

FYTER.=FIBY(PT,J)*(-PSII(I)*X3CM + PSI3(I)*X1CM)
+ +FIBY(NI-PT,I)*(-PSI1(J)*X3Cl + PS13(J)*XICM)

FZTER=FIBZ(NIPT,J)*(PSII(I )*X2C1 PS12(I)*XICII)
+ +FIBZ(DNPT,I)*(PSII(J)*X2CM -PS12(J)*XlCM)

SI1TER=PSII(J)*(PSI1 (I)*(X3S1I+X2SMS)-PSI2(1)*X12MS)
+ +PSI1(I)*(PSI1(J)*(X3SIMS+X2SMS)-PSI2(J)*Xl2MS)

S12TER=PSI2(J)*(PSI2(I)*(X3SM4S+XISMS)-PSI3(I)*X23MIS)
+ +FS12( I)*(PSI2(J)*(X3SIS+XlSI.S)-PSI3(J)*X23MS)

S13TER=PSI3(J)*(PSI3(I)*(X2SIIS+XIS14S)-PSI1(I)*Xl3liS)
+ +PS13(I )*(PSI3(j)*(X2SIIS+XISMS)-.PSI1(J)*X11~S)

IF(I .EQ. J)THEN
UJD2I(I ,J)1 .+FXTER+FYTER+FZTER+SI1TER+SI2TER+SI3TER

ELSE
* UJD21 (I, J)=FXTER+FYTER+FZTER+SI1TER+SI2TER+SI3TER

UJD21(J,I)=UJD21(I ,J)
END IF

21 CONTINUE
20 CONTINUE
+ CALCULATES A(2,3) AND A(3,2)

DO 22 K =1,11C
DO 23 J =1,11

FXTER=FIBX(NPT ,J)PX
FYTER=FIBY(NIPT ,J)*PBY(K)
FZTER=FIBZ(4PTJ)*PBZ(K)
SI1TER=FSI1 (J)*(X2PBZ(K)..X3PBY(K))
S12TER=PSI2(J)*(X3PBX(K)-XlPBZ(K))
S13TER=PSI3(J)*(X1PBY(K) -X2PBX(K))
UKD21(J,K)= FXTER+FYTER+FZTER+SIITER+SI2TER+SI3TER

23 CONiTINUE
22 CONTINUE

DO 24 J 1,M
DO 25 I1 1,14

FXTER=FIBX(NIPT,J)*(-PSI3(I)*X2CM+PSI2(I)*X3CM)
FYTER=FIBY(NPT,J)*(-PSI1(I)*X3CNl+PSI3(I)*X1CM)
SI1TER=PSI1(J)*(-FIBY(NiPT,I)*X3C.+PSII(I)*(X3SMS-X2SM-S-P2(NPT)

+*,X2CII)+PSI2(I)*(P1(N!PT)X2CT+X 121.IS)+PSI3(I)*P1(NIPT)*X3CM)
S12TEP,=PSI2(J)*(FIBX(tiFT,I)*X:3CtlPSI2(1)*(X3SI.15XISI-S-Pl(IIPT)
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+*X1CMl)+PSI1(I)*(P2(NFT)*XICl+X211S)+PsI3(I)*P2(NPT)*X3CMI)
S13TEP=PS13(J)*(-FIBX(NT,I):"2CII-FS3(i)*(2(iPT)*2crifr(fIPT)

+*{ 1CM)-PsI1(I)*(Xl3ms)-PSI2(I)*X23IS+FIBY(NPT,I)*XICII)
IF (I .EQ. J) THEN
BU222(J,I)=1.-FHZS(JI)-CMS*FIBZ(NPT,I)*FIBZ(NPT,J)+FXTER+FYTER

+ +SIITER+SI2TER+SI3TER
ELSE
BU222(J,I)=-PHZS(J,I)-CMS*FIBZ(NIPT,I)*FIBZ(NPT,J)+FXTER+FYTER

+ +SIITER+SI2TER+SI3TEP
ENDIF

25 CONTINUE
24 CONTINUE

DO 26 K=1,1IC
DO 27 J = 1,M1
FXTER=FIBX(NPT J)*PBX(K)
FYTER=FIBY(NPTJ)*PBY(K)
SI1TER=-PSI1(J)*(X3PBY(K)+P2(NIPT)*PBZ(K)+X2PBZ(K))
S12TER=PSI2(J)*(X3PBX(K)+Pl(NPT)*PBZ(K)+XlPBZ(K))
S13TER=PSI3(J)*(P2(DIPT)*PBXflK)-Pl(NPT)*PBY(K))
BU223(J,K)=FXTER+FYTER+SIITER+SI2TER+SI3TER

27 CONTINUE
26 CONTINUE

DO 28 J=1,1
DO 29 11I,M
FXTER=FIBX(NPT,J)*(FIBY(NPT,I)*CI1S+PSI3(I)*X1CM-PSI1(I)*X3CM)
FYTER=-FIBY(NPT,J)*(FIBX(NPT,I)*CIIS+PSI2(I)*X3CM-PSI3(I)*X2CMI)
FZTER=FIBZ(NIPT,J)*( .5*PSI3(I)*X3CM)

SIlTER=PSI1(J)*(FIBX(NPT,I)*X3CI+PS12(I)*X3SflS-PSI3(I)*1.5*X23HlS)
S12TER=PSI2(J)*(FIBY(NPT,I)*X3CII-PSII(I)*X3SMS+PSI3(I)*1.5*xl3MS)
S13TER=PSI3(J)*(-FIBY(NPT,I)*X2CM-PSI2(I)*Xl3MS+PSII(I)*X231IS-

+ FIBX(NPT,I)*XlCi)
B22UUJ(JI)=PHBXY(I,J)-FHBXY(J,I) + FXTER + FYTER + FZTER +

+ SIlTER+SI2TER+SI3TER
29 CONTINUE
28 CONTINUE

DO3 =1M

DO 3 J = 1,M
DC 31 J= 1,M(PJ*BYK
FYTER= -FIBY(NPT,J)*PB(K)
FYlTER= PFIBY(PJ)*PBX(K)
SIlTERK SI1(J)*XPBX(J)*P(T)BZKXIZK)
S12TR= P~T~S12)X3B()(P(T)BZKX1ZK)
S12RS2TER -2JXP12(J)*P(T)BZKX2ZK)
S13TER= -S2 ER3 P(J)*( P2(NPT)*+X PB (K) X P Z(
S13TRK =PS13(J)*(XPB(IP),PXK+2P)PBY(K))
SI3TRK(JK ==XE PS3JY(1NTEPX(+P2(NPT)+*S2TER(K))
B 22 U U J(J ,K ) = FXTER + FYTER+. SIITER + S I 2 T E + SI TE
BI3T U(J,K) = B22UU+K(JK) +5*X3PBZ K )+ PS12T K(J) 1 T

31CNINUE,)=FTR+ YE I~K+ ITK+S3R
31 CONTINUE

*r 1+11+1' FQUPMTC)J (U!\D11 IS 1RSI TERM!; UID31 IS 21ID;IDENTITY IS 3RD)
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*B3 (B3U2I1 IS IRST TERM;BU223 IS U2 Q(I) TERM;
*B32UUJ IS ZU *U(14I)TERM

DO 32 K =1,MlC
DO 33 J =K,IIC

IF (K .EQ.J) THEN
B3U213 (J,K) = 1. - PBZS(J,K)

ELSE
B3U213 (J,K) =-PBZS(J,K)
B3U213(KJ) = B3U213(J,K)

ENiDIF
33 CONTINUE
32 CONTINUE

DO 34 K 13IIC
DO 35 J 1,MC

B32UUK(J,K) PBXY(K,J)-PBXY(J,K)
U1D32(J,K) -B32UUK(J,K)

35 CONTINUE
34 CONTINUE
C PRINT OUT RESULTS IN FILE 25

WRITE (25, (lOX,' 'AllC' ')')
WRITE (25,100) UlDil

100 FORMAT (D15.6)
WRITE(25,'(10X,' 'AlQ' ',9K,' 'AJIC' '.8K,' 'BlQ'',9X,' 'BJUlC' ,gX,

+' 'O1I!GAB' ')')
DO 1 J= 1,11
W-RITE(25,200)J,UID12(J) ,UJD11(J) ,BI2UUJ(J) ,BU221(J) ,OMIGAB(J)

I CONTINUE
200 FORMAT (14,SD13.6)

W4RITE(25, '(lOX, 'BlQB' ' 9K,' 'A11QB' ',8X,' 'AKC' ',9X,''BKU1C'',9X,

DO 2 K = 1,1IC
WRITE(25,200)K,B12UUK(K),UID13(K),UKD11(K),B3U211(K),OMGAC(K)

2 CCNTI1NUE
WRPITE(25,' (14K,' 'AJJC' '.11X,' 'AJQ' '.12K,' 'BJU1Q' ' 13X,' 'BJ2UQ' ')')
DO 3 I = 1,11
DO 4 J = 1,11
WRITE(25,500)J,I,UJD21(J,I),U1D2I(JI),BU222(J,I),B22UUJ(J.I)

4 CONTINUE
3 CONTINUE
500 FORMTAT (214,4DI5.6)

W-RITE(25, '(12K, 'AK1QB' ' .9,' 'BKUlQB' ' 9X,' 'BK2UQB' ')')
DO 5 K =1,1IC
DO 6 I = 1,MC
WIRITE(25,300)I,K,UID32(I,g),B3U213(1,K),B32UUK(I,K)

6 CONTINUE
5 CONTINUE
300 FORIIAT(2I4,3D15.6)

W-RITE(25, '(12X,' 'AJIQB' ' .9,' 'AKJC ,12X, ''BKU1Q' ' ,lX,' 'Bi2UQB')

DO 7 K =1,1IC
DO 8 J = 1,M
WRITE(25,500)J,K,UlD22(J,K),UlKD21(J,K),BU223(J,X),B22UUK(J,K)

8 CONTINUE
7 CONTINUE
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WRITE (25,' (12X, - AKIQ' I 9, BI(2UQ1 '
DO 98 K = 1,MC
DO 99 J = 1,11
WRITE (25,400) J,K,UID31(J,K),B32UUJ(J,K)

99 CONTINUE
98 CONTINUE
400 FORM4AT (214,2DI5.6)

DO 94 J = 1,M
DO 95 I =1,NPT

WRITE(25,900)FIBX(I,J),FIBY(I,J),FIBZ(I,J)
95 CONTINUE
94 CON4TIIJUE

DO 96 J = 1,11C
DO 97 I = 1,NPTC

;WRITE(25,900) FICX(I,J),FICY(I,J),FICZ(I,J)
97 CONTINUE
96 CONTINUE

DO 93 J = 1,11
WRITE (25,900) PSI1(J),PSI2(J),PSI3(J)

93 CONTINUE
Do 92 I= 1,NPTC

WRITE (25,900) X1(I),X2(I),X3(I)
92 CONTINUE
900 FORMAT (3D20.6)

END

VECADD *

* (ADD TWO0 ARRAYS TO PRODUCE AN ARRAY)

SUBROUTINE VECADD (NPT,A,B,ARG)
REALJZ8 A(NPT) ,B(NPT) ,ARG(NPT)
DO 10 I 1,NPT

ARG(I) = A(I) + B(I)
10 CONTINUE

RETURNi
END

* ULTSV*
* (MULTIPLIES A SCALAR TIMES A VECTOR)*

SUBROUTINE MULTSV (MPT,A,BAR.)
REAL*8 A,B(NPT),ARG(IIPT)
Do 10 I = 1,tIPT

ARG(I) = A * B(I)
10 CONITINUE

RETURN
END

* IATADD *

* (ADDS TWO MATRICES TO PRODUCE A MATRIX)
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SIUBROUTINE f1ATADD(NPT,M,A,B.ARG)
REAL*8 A(!,IPT,M) B(NPT,11) ARG0JPT,M)
DO 10 3 = I'M

DO 20 I = ,NPT
APR'(I,J) =A(I,J) + B(I,2)

20 CONTINUE
10 CONTINUE

RETUR1N
END

* SUBROUTINE ?lULT2S*
CALCULATES A COLN TIMES A ROW VECTOR)

SUBROUTINE MULT2S ( NPT,A,B,ARG)
REAL*8 A(NPT) ,B(NPT) ,ARG(NPT)
DO 10 1IJ1,NT

ARG(I) = A(I) * B(I)
10 CONTINUE

RETURN
END

* NULTSM
* (MULTIPLIES A SCALAR TIMES A MATRIX)

SUBROUTINE MULTSM- (NIPT,MA,B,ARG)
REAL*8 A,B(NPTM),ARG(NPTN)
DO 10 3 = 1,11

DO 20 1IJ1,PT
APG(I,J) = A* B(I,J)

20 CONTINUE
10 CONTINUE

RETURN
END

* SUBPOUTINE MULTVM

11( ULTIPLIES VECTOR AND MATRIX TO PRODUCE A MATRIX)

SUBROUTINE flULTVM (NPT,I-,A,BARG)
RFALkB AltIPT) ,B(NIPT,ii) ,ARG(N4PT,1l)
DO 10 I = lNPT

DO 20 J311
ARG(I,J) =A(I) * B(IJ)

20 CONTINUE
11) CONTINUE

FETURN
ENrD

* SUBROUTINE FIRZSQ
'ALCULATES THE INTEGRAL OF PIBZ(21,J)*PIBZ(I,K)*RHO*DX )

SUPROUTINE F IBZSQ (N1PT, 11,FI PZ, HI PHI, DX,.RHO, PHZS)
FEAL*8 FIBZ(,NPT,fM) ,PHIPHI WPT) ,PHZS(1,M) , RHO,DX
DO 10) K 1,11
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Do 20 J = ,
DO 30 I 1,NrT
PHIPHI(I) =FIBZ(I,J)*FIBZ(I,K)*RHO

30 CONTINUE
CALL TRAPZ(NPT,DX,PHIPHI ,SUM)
PHZS(J,K) = SUM
PHZS(K,J)=PHZS(J ,K)

20 CONTINUE

10 CONTINUEI

END

TRAPZ
* ( PERFORMS INTEGRATION APPROXIMATION USING TRAPEZOIDAL RULE)*

SUBROUTINIE TRAPZ (NPT ,DX, F,1I'1T)
REAL*8 DX,F(NFT) ,INr.SUM
SUM =0.
DO 10 I= 1,8

IF(I .EQ. 1 .OR. I .EQ. NPT) THEN
FACTOR = 1.

ELSE
FACTOR = 2.

ENDIF
SUM =SUM + FACTOR*F(I)

10 CONTIflUE
INT = DXI2. * SUM
RETURN
END

MATTRP*
* (INTEGRATION APPROXIMATION OF A ZIATRIX USING TRAPEZOIDAL RULE)*

SUBROUTINE IIATTRP (NPT ,M ,DX, F, IIT)
REA'?8 DX, F(NIPT,1II), INT(M), SUM
DO 5 J 1,2
SUM = 0.
DO 10 I= 1,8

IF(I .EQ. 1 .OR. I .EQ. 8) THEN
FACTOR = 1.

ELSE
FACTOR = 2.

ENDIF
SUM =SUM + FACTOR*F(I,J)

10 CONTINUE
INT(J) =DX/2. * SUM

5 CONTINUE
RETURN
END

* (PERFORMS SUMMATION OF GRID POINT MASSES OF BODY C TINES*

All ARBITRARY VECTOR OF EQUAL DIMENSION)*
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SUBROUTINE 5UfHC(NPTC, F, CfASSSUll)
PEAL+'8 F(NPTC) ,CHlASS(NJPTC) ,SUf
SUMt = 0.
DO 10 I 1,NPTC

SUM = SUll + F(I)*CMASS(I)
10 CONTINUE

RET URN
END

+ MATSUll

PERFORM~S SUIIIATION OF THE GRID POINT MASES OF BODY C TIMES *

All ARBITRARY MIATRIX OF EQUAL DOF)

S!JBROUrIIE MATSUM (NPT,M,F,ClNASS,SUN)
REAL*3 F(NlPT,M),C!ASS(NFT),SU(1)
DO 10 J= 1,11

DO 20 I 1,NPT
SUM(J) =SUM(J) +F(I,J)*CMASS(I)

20 CON4TINUE
10 CONTINUE

RETURN
END

BINTlI I*
FERFORMS INTEGRATION OF (P1*+2 + P2**2*-RHO*DX)*

SUBROUTINE BINT11(NIPT,RHO,DXP1,P2,P1SQ,P2SQ,PISP2S,RPSSQ.PIP2INI)
REAL*8 P1(NIPT),P2(NIPT),PIP2IN,P1SQ(NIPT),P2SQ(NPT),RFSSQ(NiPT)
REAL*8 PISP2S(NPT) ,RHO,DX%
CALL MULT2S(fNPT,P1,PI,P1SQ)
CALL IULT2S(NPT,P2,P2,P2SQ)
CALL VECADD(tIPT,PlSQ,P2SQ,PlSP2S)
CALL llULTSV(NPT,RHO,PlSP2S,RPSSQ)
CALL TRAFZ(NIPT,DX,RPSSQ,PIP2IN4)
RETURN
END

B111T12
* (PERFORMS INTEGRATION OF (P1*FIBX + P2*FIBY)*RHO*DX)*

SUBROUTINE BINT12 (NPT,M4,PI,P2,FIBX,FIBY,P1FBX,P2FBY,P1P2FA,RPSFA,
+RHO ,DX ,PSFS IN)
REAL*8 PI(NiPT),P2(NPT),FIBX(NIPT,M1),FIBY(NPT,N-),FIFB:,.(NPT,Mi),
+P2FBY(NPT,M-),PlP2FA(NIPT,Ml),PSFSINI(N-),RPSFA(NPT, ),RHO,D:
CALL IULTVM-(NPT,PI ,FIBXPIFBX:)
CALL flULTV1'(NPT,P2 ,FIBY,P2FBY)
CALL -IATADD(NIPT,P1FBX,P2FBY,PIP2FA)
CA LL N'-ULTSfl(lJT,RHO, PIP2FA, RPSFA)
CALL 'IATTRP(IIPT,11,DX,RPSFA,FSFSINI)

E ND

BINTlI
PERFORMIS INTEGRATION OF (r14FIBY - P2*FIBX)*RHO*DX
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SUBROUTINE BINTiI (NPr,Mi,PI,P2,FIrX,FISYRHO,DX,P2N,P2FXN4,FIFY,
+FFIMNIX,RPFIIIX,BINII)
R.EAL*8 P1(NPT),P2(NPT),FIB,'(I-IFT,M1),FIBY(NPT,M),P2Ml(NPT),BIN1I(M)

+,?2FXN(NPT,I1) PIFY(NPT,11),PFIllIX'\NPT,11) RPFMI.%(NPT,M) RHO,DX
DO 10 I 1,NrT

P2N(I) = -P2(I)
.0 CONTINUE

CALL llULTVM (NPT,N-,F2N,FIBX,P2FXII)
CALL MULTV11 (NFT,14,P1,FIBY,PlFY)
CALL MATADD (NPT,lWP2FXII,PIFY,FFIMIX)
CALL IIULISM (UPT,M,RHO,PFIIX,RPFl1IX)
CALL IIATTRP (NFT,M1,DX,RPFllI7,BI11II)
RETURN
END

+ CALPXY*
7T INTEGRAL OF ( FIBX(I,J)*FIBY(I,K)*RHO*DX)*

SUBROUTINE CALPXY ( NIPT,M1,FIBX,FIBY,RHO,DX,PHIPHI,PHBXY)
REAL*8 FIBX(NPT,Mt),FIBY(NiPT,M-) ,FHBXY(M,M),PHIPHI(NPT),RHO,SUMI

+ DX

DO 10 K =1,M1
DO 20 J =1,M

DO 30 I = 1,NPT
PHIFHI(I) = FIBX(I ,J)*FIBY(I ,K)*RHO

30 CONTINUE
CALL TRAPZ(NPT,DX,PHIPHI ,SUM)
FHBXY(J,K) = SUM

20 CONTINUE
10 CONTINUE

RETURN
END

+ SUMASS*
* (SUMMATION OF THE GRID POINT MASSES OF BODY C)*

SUBROUTINJE SUJIASS (11PTC ,CIIASSCGuS)
REAL+S CllASS(NPTC) ,Cl-S
ClNs= 0.
DO 10 I =1,NPTC

CTIS =CMS + CMASS(I)
10 CONTINUE

RETURN
END

* SQCIMS
+ SUMMATIONQJ~ OF THE MULTIPLICATION OF TWO ARBITRARY X'S TIMES *

* THE GRID POINT MASSES OF BODY C
4******+ k*A******** * **Ak ******+**************

SUBROUTINE XSQCMS (MPTC,CllASS,X-A,XB,XSMS)
PEAL 3 XA(NiPTC) ,XB(NiPTC) ,CNIASS(NP;TC) ,XSIIs
73JJs= 0.
DO 10 1 =1,NPTC
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XSMS = XSMS + XA(I)*XB(I) CIASS(I)
10 CONTINUE

RETURN
END

* CALPBM *

(SUMMATION OF AN Ah3ITRARY MODE SHAPE MATRIX TIMES THE GRID *
* POINT MASSES OF BODY C ) *

SUBROUTINE CALPBM (NPTC,MC,FIC,CMASS,PB)
REAL*8 FIC(NPTC,MC),CNASS(NPTC),PB(MC),SUI
DO 10 J = 1,11C

SUM = 0.
DO 20 I : l,NPTC

SUI = SUM + FIC(I,J)*CMASS(I)
20 CONTINUE

PB(J) = SUM
10 CONTINUE

RETURN
END

CALPBS *
* ( SUMMATION OF THE MULTIPLICATION OF TWO ARBITRARY MODE SHAPES *

TIMES THE GRID POINT MASSES OF BODY C ) *

SUBROUTINE CALPBS (NPTC,MC,FICA,FICB,CMASS,PHI2C,PBS)
REAL*8 FICA(NPTC,MC),FICB(NPTCNC),CMASS(NPTC),PBS(MCMC)
REAL*8 PHI2C(NPTC),SUM
DO 10 K = 1,1C

DO 20 J = 1,1.,C
DO 30 I = 1,NPTC

PHI2C(I) = FICA(I,J)*FICB(I,K)
30 CONTINUE

CALL SUHC(NPTC,PHI2C,CMASS,SUll)
FBS (J,K) = SUM

20 CONTINUE

10 CONTINUE
RETURN
ENID

* PBSYMS *

(SUMMATION A MODE SHAPE IIATRIX TRANSPOSED TIMES THE MODE SHAPE *
* MATRIX TIMES THE GRID POINT MASSES OF BODY C)- A SYMMETRIC MATRIX*

SUBROUTINE PBSYMS (NPTC,MC,FICA,CMASS,PHI2C,PBS)
REAL*8 FICA(NPTC,MC),CNASS(NPTC),PBS(NC,M[C)
REAL+8 PHI2C(NPTC),SUM!

DO 10 K = 1,MC
DO 20 J = I,MC

DO 30 I = IPTC
PH12C(I) = FICA(I,:)+FICA(I,K)

30 COHTINUE
CALL SUIC(NlPTCPHI2C,CljASS,SUl1)
PBS (J,K) = SUM
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PBS (K,lJ) =PBS (J,K)
20 CONTINUE
10 CONTINUE

PRETURN

* CALXFB*
* ( SUNN'ATION OF ANY X*ANY MODE SHAPE MATRIX*THE GRID POINT MAhSSES*
* OF BODY C)

SUBROUTINE CALXPB (NPTC,MC,X,FIC..CMASS,XPB)
REAL*8S FIC(NIPTC,MC),CI1IASS(NPTC),XPB(HlC),SUM,X(NPTC)
DO 10 J= 1,NiC

sUTl-i 0.
DO 20 I =1,NPTC

SUM = X(I)*FIC(I,J)*CMASS(I) + SUM
20 CONTINUE

XPB(J) = SUM
10 CONTINUE

RE TURN
END

* MODATB: READ AND TAYLOR MODAL DATA OF BODY B *

SUBROUTINE MODATB (M,NIPT,X1,X2,X3,FIBX,FIBY,FIBZ,
+ PSI,PS2,PS3,CIIASS,FREQ,OIIEGA)

C
111PLICIT RETAL*S(A-H,O-Z)
r, 1 1SI10ON FREQ(11),OMEC.A(M),CMASS(NPT)

DI::E;SONX1(fNPT) ,X2(NPT) ,X3(NPT)
DII*E:JSIONl FIBX(NPFT,N-),FIBY(NPT,M),FIBZ(NPT,M)
D :."E!NSO1N P5l1M) ,F2(ll) ,PS3(M)
DIIIENSION PSII(100,3 0) ,PSI2(100,30) ,PS13(100,30)
DIT'IENSION VB(3),VC(3),VO(3),VN(3),C(3,3)

C
REWIN1D 8
REWIND 21

C
PI 4.0 *ATAN(1.DO)

TPI =2.0 *P1

FRAD =PI/180.0
C

READ(8,100) ICOR,IMAS,ICMOD,ICTR,NGRID,NMOD
C

IF(ICTR .LE. 1) GO TO 3
IF(ICTR GCE. 3) GO TO 2
RTEAD(3,104) ALP
GO TO 3

2 READ(3,106) VB(1),VB(2),VB(3),
*+ VC(1),VC(2),VC(3)

C
3 IF(IIIAS .EQ. 0) GOTO 9

DO 5 I=1, IIAS
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READ(3,150) Jl,J2,BMAS
DO 4 J=Jl,J2

4 CMASS (J) = BRAS
5 CONTINUE
C
9 DO 10 I=1,NGRID
10 READ(8,200) X1(I),X2(I),X3(I)
C

IF(ICOR .EQ. 0) GO TO 30
C

DO 20 I=1,NGRID
R = X1(I)
THTA =X2(I) * FRAD
X1(I) =R * COS(rIITA)

20 X2(I) R * SIN(THTA)
C
30 DO 50 I=INMOD

READ(8,300) IIIOD
READ(8,400) FREQ(IMOD)
OII1EGA(IMOD) = TPI * FREQ(IMOD)

C
DO 40 J=1,NGRID
READ(8,500) FIBX(J,IMOD),FIBY(J,IMOD),FIBZ(J,IUIOD),

+ PSII(J,IIIOD),PSI2(J,IMOD),PSI3(J,IMOD)
40 CONTINUE

F51(I) = PSI1(NPT,I)
PS2(I) = FS!2(tl?T,I)
PS3(I) = PS13(NPT,I)

50 C:NTINUE
p C

IF(ICTR .LE. 1) GO TO 80
IF(ICTR .GE. 3) GO TO 75

C
C 2-DIMENSIONAL COORDNATE TRANSFORM
C

ALP =ALP * FRAD
CP =COS(ALP)
SP =SIN(ALP)
DO 60 I=1,NGRID
X X1(I)
Z =X3(I)
X1(i) = X* CP + Z SP

60 X3(I) = - X *SP + Z *P
C

DO 70 I=1,NIIOD
DO 65 J=1,NGRID
X = FIBX(JI)
Z = FIBZ(J,I)
FIBX(J,I) = X *CP + Z S P

65 FIBZ(J,I) =- X SP + Z *C?

70 CONTINUE
GO TO 80

C
c 3-DINENSIONAL COORDINATE TRANSFORM
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75 CALL CTRt)3(VB,VC,C)
C

DO 76 I=1,NGRID
VO(1) =X1(I)
VOW2= X2(I)
VO(3) =X3(I)
CALL TRN3(JO,VNC)
X1(I) = VN(1)
X2(I)= N2

76 X3(I) =VN(3)
DO 78 1=1,14110D

DO 77 J=1,11GRID
VO(l) = FIB'{(J,I)
VO(2) = FIBY(JI)
VO(3) =FIBZ(J,I)
CALL TRN43(VO,VN,C)
FIBX(J,I) = VN(1)
FIBY(J,I) =V11(2)

77 FIBt'Z(J,I) = VN(3)
78 CONTINUE
C
C WRITE OUTPUT FILE
C
80 WRITE(21,11O) tJGRID,NMUOD

IF(I1'iAS .E2. 0) GO TO 85
DO 83 I11,NGRID

83 WRITE(21,160) 1, CMASS(I)
85 DO 87 I=1.NGRID
87 WRITE(21,210) I, X1(I),X2(I),X3(I)
C

DO 95 I=1,NMIOD
WRITE(21,410) I, FREQ(I), ONEGA(I)

DO 90 J=1,NGRID
90 WRITE(21,550) J, FIBX(J,I), FIBY(JI), FIBZ(J,I)

IF(ICMOD .EQ. 0) GO TO 95
DO 93 J=1.,11GRID

93 WRITE(21,550) J, PSI1(J,I), PS12(J,I), PS13(J,I)
95 CONTINUE
C
C FORM-AT
C
100 FORIIAT(IOX,615)
104 FORMAT(F10.4)
106 FORI'AT(10X,3FlO.4/lOX,3FI0.4)
110 FORIIAT(/'NUIMBER OF GRIDS =1,15/'NUMBER OF MODES =',I5)
150 FORIfAT(10X,2I5.D15.4)
180 FORI!AT(14,Dl5.6)
200 F0Rl!AT(20X,3F1O.3)
210 FC*?llAT(lX,4,3X,3Dl5.6)
300 FORMAT (8X, 14)
400 FCRIIAT(8X,D14.6)
410 FCPJIAT(/'MODE =,15/'FREQUENCY =,Fl0.3,2X,'HZ'/'OMEGA =,D15.6)
500 FORI'AT(2X6D13.6)
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550 FORMAT(3X,14,3X,3D15.6)
C

RETURN
END

* MODATC: READ AND TAYLOR MIODAL DATA OF BODY C *

SUBROUTINE MIODAIC (M,N4PT,XI,X2,X3,FIBX,FIBY,FIBZ,
+ CMASS ,FREQ, OM-EGA)

!IMPL.ICIT REAL*8(A-H,0-Z)
DI:!EI'ISION FRE-(IU) ,OMEGAk(M) ,CIASS(NPT)
DIliI~sioN xi(ripr),X2I(NFT),X3(N?T)
DIHIEISION FIBX(NPT,M) ,FIBY(NPT,1) ,FIBZ(NPT,M)
DIIIENSION VB(3),VC(3),VO(3),VN(3),C(3,3)

C
REWINID 9

C
PI 4.0 * ATAII(1.DO)
TFI 2.0 * PI
FRAD =PI/180.0

READ(9,100) ICOR,IMIAS,ICIIOD,ICTR,NGRID,NXMOD

IF(ICTR .LE. 1) GO TO 3
IF(ICTR .GE. 3) GO TO 2
READ(9,104) ALF
GO TO 3

2 READ(9,106) VB(1),VB(2),VB(3),
+ VC(1),VC(2),VC(3)

C
3 IF(IM4AS .EQ. 0) GOTO 9
C

DO 5 I=1,IAS
READ(9,150) J1,J2,BMAS

DO 4 J=J1,JZ
4 CIIASS(J) = BMAS
5 CONTINUE
C
9 DO 10 I=1,NGRID
10 READ(9,2O0) X1(I),X2(I),X3(I)

IF(ICOR .EQ. 0) GO TO 30

DO 20 I1I,NGRID
R = XI(I)
THTA =X2(I) * FRAD
Xl(I) =R * COS(THTA)

20 X2(I) =R * SIN(THTA)
C
30 DO 50 1=1,1411D

READ(9,300) IIICD
READ(9,400) FREQ(IMOD)
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OMEGA(IMOD) =TPI * FREQ(IMOD)

DO 40 3=1,NGRID
READ(9,500) FIBX(JIMOD).FIBY(J,IMOD),FIBZ(J,IMOD)

40 CONTINUE
50 CONTINUE
C

IF(ICTR .LE. 1) GO TO 80
IF(ICTR .GE. 3) GO TO 75

C
C 2-DIMENSIONAL COORDNATE TRANSFORM
C

ALP ALP * FRAD
CP COS(ALP)
SF =SIN(ALP)

Do 60 1=1,NGRID
X XI(I)
Z X3(1)
XI(I) = x *CP + Z SP

60 X3() -X SP + Z CP
C

Do 70 1=1NIIOD
DO 65 J=1,,NGRID
X =FI3X(J,I)
Z = FIBZ(J,I)
FIBX(J.I) = x CP + zSP

65 FIBZ(J,I) = - X Sp Z * CF
70 CONTINUE

GO TO 80
C
C Z-DIIIENSIONAL COOR~DINATE 7P.ANSFORM
C
75 CALL CTRN3(VB,VC,C)
C

Do 76 I=1,NGRID
VO(1) = X1(I)
VC(2) = X2(I)
VO(3) = X3(1)

CALL TRN3(VO,VN,C)

X2(I) = V11(2)
76 X3(I) =VN(3)

Do 77 J1I,NGRID
VO(i) = FIBX(J.I)

VO(2) = FIBY(J,I)
VO(3) = FIBZ(J..I)
CR.LL TRN3(VO ,VNT,c)
FIBX(J,I) = VN(1)
FIBY(J,I) = VDI(2)

77 FIB,-(J,I) = V14(3)
78 CON4TINUE
C
C WRITE OUTPUT FILE

72



C
80 WRITE(21,110) NGRIDJNMOD

IF(IMAS .EQ. 0) GO TO 85
DO 83 I=1,rIGRID

83 WRITE(21,160) I, CHASS(I)
85 DO 87 1=1,NGRID
87 WRITE(21,210) I, X1(I),X2(I),X3(I)
C

DO 95 I=1,NlIOD
WRITE(21,410) I, FREQ(I), OMEGA(I)

DO 90 J=1,NGRID
90 WRITE(21,55O) J, FIBX(J..I), FIBY(J,I), FIBZ(J,I)
95 CONTINUE

C
C FORMAT
C
100 FORIIAT(IOX,G15)
104 FOR!AT(F1O.4)
106 F0PR'AT(10X3FlO.4/l0X,3F10.4)
110 FORMAT(/'NUMBER OF GRIDS =',15/'NUM1BER OF MODES =',15)
150 FCR1-AT(10X,215,D15.4)
163 FOR!IAT(14,D15.6)
200 FORllAT(20XF1O.2 ,F1O.4,FlO.7)
210 FOFI!ATI(3X,14,3X,3D15.6)
300 FORMtAT(SX,I4)
400 FORI1AT(SX,D14.6)
410 FORlIAT(/'N:ODE =',15/'FREQUENCY =',F1O.3,2X,'HZ'/'OMEGA =',D15.6)
500 FORtlAT(24X,3Dl5.6)
550 FORNIAT(3X,I4,3X,3D15.6)

FE TURN
END

* SUBROUTINE CTF.NS

SUBROUTINE CTPN3 (VB,VC,C)
I11FLICIT REAL*8(A-H,O-Z)

DIMENSION VB(3),VC(3),C(3,3)
DIM-ENSION IP2(3) , P3(3)
DI.NEN-tSION XN(3) YN(3),ZN(3)
DATA IP2 /2,3,1/
DATA 1P3 /3,1,2/

C
BL = 0.
DO 10 I=1,3

10 EL = EL + 'JB(I) *VB(I)

BL = DSQRT(BL)
DO 20 I=1,3
zIN(I) =VB(I)/BL

20 C(I,3) =ZN(I)
C

DO 30 1=1,3
12 = P2(I)
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13 = IP3(I)
30 YN(I) = ZN(12) VC(13) - ZN(13) * VC(I2)

YL = 0.
DO 40 I=1,3

40 YL = YL + YN(I) * YN(I)
YL = DSQRT(YL)
DO 50 I=1,3
YN(I) = YN(I)/YL

50 C(I,2) = YN(I)
C

DO 60 1=1,3
12 = 1P2(I)
13 = IP3(I)
'N(I) = YN(12) * ZN(13) - YN(13) * ZN(12)

60 C(I,1) = XN(I)
RE TURN
END

• SUBROUTINE TRN3 *

SUBROUTINE TRI43 (VO,VUI,C)
IMPLICIT REAL*8(A-H,O-Z)
INTEGER I,J,K
DIIENSION VO(3),VN(3),C(3,3)

C
DO 10 1=1,3
VII(I) = 0.

DO 10 J=1,3
10 VNI(I) = VN(I) + C(I,J) * VO(J)

RETURII
END
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C CALCULATE A MATRIX ( UDOT COEFFICIENTS)
FIXED IER, IFVTItJPT,M,N,NIPTC,IIC
PARAM fPT=17 ,NPTC =63,11=4,1C=4
D DIrIENSION A(9,9)
D DIMENSION U1D2I(10,10),U1D22(10,10),U1D32(10,10)
D DII1EENSIOII UJD2I(10,10),UKD21(10,10) ,BU222(10,10) .BU223(10,10)
D DIMENSION B22UUJ(10,10),B22UUK(10,10),B32UUJ(10,10),U1D31(10,10)
D DIMENSION B3U213(1O,1O),B32Ut'K(1O,10)
D DIIIENSION FIBX(17,10),FIBY(1/,1O),FIBZ( 17,10),PSI1(10)
D DIMENSION FICX(63,1O),FICY(63,10),FICZ(63,10),PSI2(10)
D DIMENSION PS13(10),Xl(63),X2(;,-3),X3'\63)
ARRAY IFVT(20)
ARrA-Y U1D12(10),BU221(10),U1Dl13(l0),UJD11(1O),UKD11(10)
ARRAY B12IUUJ(10).B12UUK(1O),B3U211(1')
ARRAY STR!JB(10),STRIIC(1O),OMIGAB(1O),OIIGAC(10)
INTEGER I,J,K,L
FARAI! CI=.4,C2=10.,C3=24.65,DELT=.01O
INUIT IAL

* READ IN VALUES OF CONSTANTS
READ (25,107)IDUI
READ (25,102) UlDiI
READ (25,.107)IDUII
DO 1 J= 1,10
READ(25,103)L,UID12(J) ,UJDI1(J) ,BI2UUJ(J) ,BtJ221(J) ,OM-GAB(J)

1 CONTINUE
READ (25,107)IDUI!I
DO 2 K = 1,10
READ(25,103)L,B12UUK(K) ,U1D13l(K) ,UKD11(K) ,B3U211(K) ,OM-GAC(K)

2 CON4TINUE
READ (25,107)IDUI
DO 3 I 1,10
DO 4 J = 1,10
READ(25, 106)L,L,UJD21( , I) ,UID21(J, I) ,BU222(J, I) ,B22UUJ(J, I)

4 CONTINUE
3 CONTIMUE

READ (25,107)IDUI
DO 5 K = 1,10
DO 6 I 1,10
P.EAD(25 ,104)L,L,U1D32(I ,K) ,B3U213(I ,K) ,B32UUK(I ,K)

6 CONTINUE
5 CONTINUE

READ (25,107)IDUM
DO "7 K =1,10
DO 3 J = 1,10
READ(25,106)L,L,U1D22(J,K),UKD2I(J,K),BU223(J,K),B22UUK(J,K)

a CONTINUE
1 CONTINUJE

READ (25,107)IDUM
DO 98 K = 1,10
DO 99 =1,10
R.EAD (25,105) L,L,UID31(J,K) ,532UUJ(J,K)

99 C,) IIT I U'ZI
93 CONTINUE
1,-22 FORIMAT (D15.6)
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M0 F)'R1AT (14..5D13.6)
104 FORIIAT(2I4,3D15.6)
105 FCRHIAT (214,2Dl5.6)
106 FORMAT (2I4,4D15.6)
107 FORMAT (15)

DO 94 J = 1,10
DO 95 I11,!'IPT

READ(25,900)FIBX(I,J),FIBY(I,J),FIBZ(I,J)
95 CONTINUE
94 CONTINUE

DO 96 J 1,10
DO 97 I 1,M?TC

READ (25,900) FICX(I,J) ,FICY(I,J) ,FICZ(I,J)
97 CONTINUE
96 CONTIVUE

DO 93 J3 1,10
READ (25,900) FS11(J) ,Ps12-(J) ,PSI3(J)

93 CONITINUE
DO 92 I 1I,NFTC

READ (25,900) X(I),X2(I),X3(I)
92 COIITINUE
900 FORMAT (3D20.6)

CALL STRNEG (M,CMGAB,STRMB)
CALL STRIiEG (IIC,OIIGAC,STRIIC)
DO 91 J =1,M-
WRITE (21,900) PSI1(J) ,PS12(J) ,PSI3(J)

9i CONTINUE
DERIVATIVE
NO SORT

TA = 1O.-10.*STEP(6.35)
TI = 2.
TAOI 80.*TIME**2
TA02 = 320.*(1. -STEP(5.))
TA = SW-IICH(TIIIE .LE. T1,TAOiTA02)
TA5= .
TA + 10.-1O.+STEP(6.85)
A:!IQB 0.
B12LIJ 0.
DO 40 3 1,11

AIIQB =Q(Js.1) * UIDI2(J) +ALLQB

B12UJ B12UUJ(J) ' U(1+J)1- B12U'J
DO 10 I =JM

A(1J,-J,11-I) = UJD21(JI)
A(1+I,-sJ) =A(1+J.1±1)

10 CCHTIrIUE
AIJIQB =0.
B3JU2QB = 0.
B:2 TJU JJ = C .

Zo Z ( I = 1,r
AlJIOB =UID21(JI)'0'!I<) + A1J1Q B
B U2y)B= BU222(J,I)-QtI+1) + 5jJ2.)B
BJ2UJJ=B/22UUJ(JjW )12fI+J; + Sj2UUJ
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BJU2QC =0.
BJ2UU,' 0.
DO 30 K 1,H1C

AIJIOC"= U1D22(J,K) *Q(1+11±K) + AIjIQC
A(1+iI+K, 1+J'y=UKD21(J ,K)
A(l+j,1+I-fK) = A(1+1!+K,1+J)
EJU-2QC= BU223(J,K)4-Q'11+11+K) + BJU2QC
BJ2UUK B22UUK(J,K) *U(1+M+K)

30 CONTINUUE
A(1+J,I) UJD1I(J) +A1J1QB + AIJIQC
A(1,1+J) =A(1+J.1)

B(1+J)=U(1)* U(1)*(BU221(J)+BJU2QB+BJU2QC)..
+2*U(1)*(BJ2UUJ + BJ2UUEK)- STRIIB(J)*Q(1+J)

40 CONTINUE
AI1QC = 0.
B12UK = 0.
DO 60 K< = 1,MC
B12UK =B12UUK(K)*U(1+11+K) + B12UK
AIKIPC =0.

AIKIQB =0.

BKU2QC =0.

B?2UUK 0.
DO 50 I 1,11C

AlIQC = O(1+Mi+I) * U1D32(I1(K) +AlK1QC
2KU2QC = B3U213(I,K)4Q(1+11+I) + BY.U2QC

BFK2ULUK =B321YiK(I.K)*1U('1+1I) + BK2UUK
A(1+IrI+I,1+II+P) C .

50 CONITINIUE
PKU20B =0.

BF2u,2, = 0.
)D 5 5 J I, M1
AIFIQB = (1+J)* U1D31(JVK + A.IKIQB

B;(UZOB = BrJ223( JY)'C ) + EKEJ2QB
E-'2UUJ =B322UUjJ(J,E)*U1l+J) + BK2UCj

55 CCI:II UF
All()(- Q(I+H-+K) * Ulr,13(F, + Al1QC
Akl+i+KJ+1 +K) = 1.
A 1+H1+FKI) =UK)II(K) + AIK1QB + AIKIC
A f1, 1+11+K) =A(1+rI+L1I)
B i 1H11-K) = U(I)*,U(1v*(83211(K)+BKU2QB+BKUI22C)1+

C,* C17 T ?CE

1)=UlD11 + A11QS All)(
Si=2-U(I)*( B1KUJ + B12U! ' TA

.. PRMIA-: :E 14. 6)

::,3EFA(A.9,9, IF'T,IEP)
'. -:TE(8,3?C) IER

T F'IEF.X E. 0) Go To 10D
7L 1,E L A, i9, 1 'T, B ,I:
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Q=INTGRL(O. ,U,9)
"CALCULATE VARIOUS DISPLACEMENTS AT THREE LOCATIONS A1ND ROTATIONS AT TIP

:,1DISP 0
YEDISP 0.
:.HDISF C.
XHROT 0.
YHROT 0.
ZHROr 03.
DO 70 I = 1,11

NADISP = HDISP + Q(I+1)*FIBX(NPT,I)
YHDISP = YHDISP + Q(I+1)'FIBY(MPT,I)
ZHDISP = Zt!DISP + Q(I+1)*FIBZ.(NPT,I)
XH-ROr = MROT + Q(I+1)*PSII(I)
YHROT = YHROT + Q(I+1)*'PSI2(I)
ZH30T = ZHP.OT + Q(I4.1)*PSI3(I)

70 CONTINUE
XlREL = 0.
Y1REL = 0.
71REL =C.
X4FEL =0.
Y4P.EL =0.
Z4REL =
Do 80 1I ,rc

I~REL XIPEL + Q(I+1+t2)*FICX(1,I)
YlREL =YIREL +(+4MFIY1I
ZIREL ZIREL + Q(I+1+~!)*FIC-Z(l,I)
X4REL = ::4REL + 9(I+1+11)*FICX(4,I)
74PEL = M'4EL + Q(I~l+r)-FICY(4,I)
Z'IPEL = Z4REL + Q,(I+1+1M)*FICZ(4,I)

a0 CONTIHUE
= ;*:HDISP s XIP.EL + (YHRCT4X3(1) - zHFoT4:-2(1))

*Y'DISP =YfiD:SP + Y1REL + (ZHROT4X1(1) - XH~R0T*X3(l))
7-1-ISP = ZHDISP + ZIFEL +:Ho~21 - YHROT*Y.1i'))

:-4!?= XHDISP + X4FEL +(YHRQ(T ,:3(4) - ZHR)T*':2f4u)
Y-IDISP = YHDISP + Y4REL + (,-H R )T ::( 4) - X?'ROT*:-:34) )
Z;DIS? = ZHDISP + Z4REL + (.XHPOT'X2(4) - YHRor,::'4))
FET Url

10 0 WRITE',6,101) TIME, IER
-0I F--FlAT('C IER=',17)

AIL ENDJOB
FRINT T,(-)U1S

CK::RLFIT:N1O , ELPRT = 1

71DISP.ZMDISF,X4DIs-PY4DISP,74 -:SF
'FAiH I :11=7 , IETEK618 . I ::=LE= 10. , Ull .

EC . TA fUNl'LB-If;'
r-.. H 1 ,=7 , E= EK618) T lt!F':Ii1= 5, LEr10. 'Q'*='SEC')

1 , 'L;; AC)
*FAFH';S,:J= =7 , DTTEl"1 P) TINE'lir 5, LE=10. ', J=SEC7

.!J Ul:= PAD,'SEC'
RA F H 71.H=7CEfE:E8 TE(111=5,LE=1).'N'

7 21 I
PAPH ~ =7.r~=~EKI,'!!/=5, LF 1 .J=EC
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'rAFII (GGNI=7,DE=TEKGI8) TIjIE(,I=5,LF=10. Uf1='SECI
, ,Q(4) !IYA= I IIII'

* RAPH (G7,N1=7,DE=TEK6I8) TI!E(rI=5,LE=IO.,U1I='SEC')
* ,(5 )(UNI IN I)

"RAPH (G7A.NI=7,DF=TEK6I8) TIIlE(tUI=5,LE=I0.,UN=ISEC' )
+ 9Q(6) (UN',I' )
4 R.Arl (G7B,INI=7,DE=TEK6I8) TIlIE(NI=5,LE=IO.,UN='SEC')

, Q(7) (UN=' I)
1RAPH (G7C,II=.DE=TEK618) TIU!(NI=5,LE=IO. ,UNISEC' )

*RAF1H (G,I=7,DE=TEK618) TI1E(L=5,LEI0.,ur='SECI)

GRAPHI (CGS,:I=7,DE=TEK618) TII!ENI=5,L-E=I.,UN='SEC')
* ,YHDISP(UN='IiJ',LI=4,LO=-1O.,SC=2. 

'
GRAPH (GA,tlI=7.DE=TEK6I8) TIIE(NI=5,LE=1O.,UN='SEC')

Z'HDISP(UJ='1N1,LI=4)L=2,s=.
4RA.;FH (GR3.rJI7,DE=TEK618) TIE(II=5,1LE=10.,UN='SEC' )

IRPAH (GP3.MlI=7,DE=TEK6I8) TIl.IE(HU=5,E=1. UN=SECI

-RAFH (GRANI=7,DE=TE(618) TII1EUIL=5,LE=10.,U'N=ISEC-)
.YHRT~tP

RPAPH (GP,I=7,CE=TEKR618) TIE(JI5LTE-1OW4!EC

PAF (B~;I7,r~rK~s)TI'IEUII,LE 'J!=SEC'

,'I'! D 7SP (N: =r I rEY61 L I=4 , :-- = . I S C . .

-GPAPH (GDA~=7.DE=TEV.3I8) UNN5L ' r='SEC')

* ;RAFH (3E, il . E=EK6IS) TIIE N-1 5, LE= I U1=SEC')

,tPAF~i 13f .,NI=7.ETK3 IE:UL 1 'SC'

F- PH !'T *E=TE'1%eI 7 I L 1,1:L rS EC

jABE 'I~ AFFLIED IQPQ2 E
)GL~DSP7 ACEM~;T

'"EL ' . ~A P VFL0(M TY
L 4; E !;EFALIZED DISPLA"'E:!ENT 1
F_ F r:IEPAL:ZED DI 5 TE:Z:

LAEE ~ EPALI: T 5 IFLA E: 17: 2
7 7A~ ';E!4EPA"ZI:ED IJ, L.

AEL 72 B E! j'--PA'" ,7F D D:SF7
L..FL -7?) E .7A L'7-FD C

.~.--L ~3 E T I~ A:7

:AEL X AV 1 V Aw A? -
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LABEL (GB) X DEFLECTION AT DISH POINT I
LABEL (GC) Y DEFLECTION AT DISH POINT 1
LABEL (3-D) Z EEFLECTION AT DISH POINT I
LABEL (GE) X DEFLECTION AT DISH POINT 4
LABEL (OF) y rEFLECTIOll AT DISH POINT 4
LABEL ('30) Zr[EFLECTION AT DISH POINT 4
END
-iOP
FORTRAN

* STRAIN EITERGY

SUBROUTINTE STRNEG (M,OfMEGA,STRAIM)
REAL*'8 0ME'GA(1O) ,STRAIN(lO)
DC 10 I = 1,11

STRAIN(I) OIIEGA(I)**2
10 CONTINUE

RETURNJ
END
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APPENDIX F

FIGURES
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Figure 2.2

LFMR Model
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Figure A. 1

Undeformed Reflector
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Figure A.2

First Mode of Reflector
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Figure A.3

Second Mode of Reflector
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Figure A.4

Third Mode of Reflector
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Figure A.5

Fourth Mode of Reflector
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Figure A.6

Undeformed Boom
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Figure A.7

First Mode of Boom
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Figure A.8

Second Mode of Boom

91



Figure A.9

Third Mode of Boom
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Figure A. 10

Fourth Mode of Boom
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Figirec 4. 1

Finite Element Model of LFMR System
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Figure B. 1

Angular Velocity of Stiffer Reflector at -1L55*
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Figure B.

AnglarVelciy o Moe lexbleRefecor t -5m
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Figure B.3

Fourth Boom Generalized Coordinate of Stiffer Reflector at -155*
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Figure B

Fourh Bom GneraizedCoodinae o

MoreFlexbleReflcto at 155
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Figure B.5

Third Reflector Generalized Coordinate of
Stiffer Reflector at -155"
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Figure B.6

Third Reflector Generalized Coordinate of
More Flexible Reflector at -155*
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Figure B. 10

Rotation of Boom Tip About Vertical Axis
of More Flexible Reflector at -155*
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Figure C. 1

Angular Displacement of Stiffer Reflector at -135*
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Figure C.2

Angular Displacement of Stiffer Reflector at -145-
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Figure C.3

Angular Displacement of Stiffer Reflector at -155"

108



4.n

U'IA

En

IRT- i, 14009 IW N0ILJ.3d1 X

Figure C.4

Horizontal Deflection of Boom Tip of Stiffer Reflector at -135"
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Figure 0.5

Horizontal Deflection of Boom Tip of Stiffer Reflector at -1450
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Figure 0.6

Horizontal Deflection of Boom Tip of Stiffer Reflector at -155*
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Figure 0.7

Rotation of Boom Tip About Horizontal Axis
of Stiffer Reflector at -135*
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Figure 0.8

Rotation of Boom Tip About Horizontal Axis
of Stiffer Reflector at -145*
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Figure C.
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Figure C. I I

Horizontal Deflection of Dish Point I of Stiffer Reflector at -145"
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Figure C. 12

Horizontal Deflection of Dish Point I of Stiffer Reflector at -135"
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Figure D. 1

First Boom Generalized Coordinate of Stiffer Reflector at -155*
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Figure D.2

First Boom Generalized Coordinate of
Stiffer Reflector Tilted 5* Out of Plane
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Figure D.3

Fourth Reflector Generalized Coordinate
of Stiffer Reflector at -155'
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Figure D.4

Fourth Reflector Generalized Coordinate
of Stiffer Reflector Tilted 5" Out of Plane
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Figure D.5

Out-of-Plane Deflection at Boom Tip of Stiffer Reflector at -1550
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Figure D.6

Out-of-Plane Deflection at Boom Tip of
Stiffer Reflector Tilted 5* Out of Plane
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Figure D.7

Out-of-Plane Deflection at Dish Point 4
of Stiffer Reflector at -1550
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Figure D.8

Out-of-Plane Deflection at Dish Point 4
of Stiffer Reflector Tilted 5' Out of Plane
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